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Off-axis sputtering has been used to study two oxide thin film systems. The first study 
involved developing an epitaxially grown NiO/SrTiO3 heterostructure to be used for a 
negative index of refraction. The second used off-axis sputtering as a combinatorial 
approach to study the effects of doping and codoping of transparent conducting ZnO.   
 A negative index of refraction should be possible by combining only intrinsic 
material resonances. We proposed that combining NiO, which has an 
antiferromagnetic resonance in the far infrared, and SrTiO3, which has a dielectric 
resonance in the far-infrared, can be used to achieve a negative refractive index of 
refraction in the far-infrared. These resonances can be shifted through changing 
temperature, doping, or through applying a magnetic field. A high quality epitaxially 
grown composite heterostructure and bulk ceramics have been fabricated. Preliminary 
measurements of the permeability and permittivity been taken for a bulk composite 
structure. The SrTiO3 ionic resonance can be seen in a reflection technique while the 
NiO antiferromagnetic resonance is easily seen in a transmission technique 
 ZnO is a potential inexpensive replacement for indium tin oxide (ITO) as a 
high-end transparent conductor. However, ZnO has not replaced ITO in many 
applications such as flat-panel displays due to high resistivity and poor thermal 
stability. ZnO has been doped with many elements including Al, In and Ga. We 
proposed that codoping with both Al and In might result in size compensation which 
would lead to improved dopant solubility and therefore better electrical conductivity 
and stability.  
 A high-throughput combinatorial approach was used to study codoping of ZnO 
with both Al and In. Measurement of the deposited composition spread suggests that 
codoping results in much improved conductivity. By adding 1% In to highly Al-doped 
ZnO (3-6%) the conductivity increases by an order of magnitude. Thermal annealing 
in a variety of atmospheres including air, vacuum and hydrogen results in some 
understanding of the difference in the two dopants. It was found that Al doping results 
in a higher carrier concentration than In doping, but any excess Al greatly decreases 
the mobility. In doping improves the mobility but with lower carrier concentrations. 
Calculations based on density functional theory support the experimental data, 
showing that Al is a shallower dopant than In. Unit cell volume comparisons between 
theory and experiment correspond well. The interplay between substitutional doping, 
oxygen vacancies, and possible adventitious H doping makes the doped ZnO system 
difficult to analyze definitively.  
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CHAPTER 1 
INTRODUCTION: EPITAXY AND COMBINATORIAL OXIDE THIN FILMS 
1.1 – Introduction: Epitaxial Growth of Oxide Films 
 Magnetic and ferroelectric thin film materials are useful for a number of 
applications. Magnetic and ferroelectric properties depend strongly on the crystal 
quality of the film [1-2]. For this reason, there is strong motivation for growing 
magnetic and ferroelectric films epitaxially; that is, with a single crystal orientation 
relative to the substrate. In the following sections, a method of achieving a negative 
index of refraction using magnetic and ferroelectric thin films is proposed. In order to 
obtain a negative index of refraction, the magnetic and ferroelectric materials must 
have high crystal quality in order to achieve the required magnetic and dielectric 
qualities. In this case, the properties required are lowly damped magnetic or dielectric 
resonances.  
1.2 – Negative Index of Refraction in the Far-Infrared 
 The index of refraction or refractive index n of a material is a material property 
that describes how electromagnetic waves interact with the material. It can be defined 
as the ratio of the velocity of the wave in the medium v to the speed of the light in 
vacuum c. From Maxwell’s equations, the refractive index is found to be related to the 
permittivity ε and permeability µ of the material as: 
          (1.1) 
 It is well known that the speed of light in a material is lower than the speed of 
light in vacuum. This means that for well-behaved materials, n is greater than 1 and 
light in the material acts as we expect. This means that as an electromagnetic wave 
travels from vacuum into a material with an index of refraction n, the speed of the 
wave slows from c to v. The frequency of the wave remains constant while the 
wavelength decreases, causing an apparent bending of the light. This effect is seen 
εµ±==
v
c
n
  2
when looking at a straw “bend” in a glass of water. This change in direction of the 
incident wave is well defined by Snell’s Law:  
2211 sinsin θθ nn =         (1.2) 
Normally, n is greater than unity and the angle relative to the surface must decrease in 
the material relative to the incident angle. The wave is said to refract in a normal 
“right-handed way”, which leads to the complex shapes needed for high quality lenses. 
 In 1968, Veselago postulated that a material with a negative permittivity and a 
negative permeability should have a negative index of refraction [3]. This leads to 
interesting effects such as a negative group velocity and “left-handed refraction”. This 
results in the possibility of achieving a focal point in a lens that is perfectly flat. 
Pendry added to the theory of Veselago by predicting the possibility of near perfect 
lenses unconstrained by the diffraction limit [4], at least in the near field. Evanescent 
waves that typically are exponentially decaying waves do not propagate in standard 
materials. In a material with a negative index of refraction, these waves become 
exponentially increasing and do propagate. Fourier analysis shows that these waves 
contain information on a length scale much smaller than the wavelength of light and 
therefore can be used to image smaller than the standard diffraction limit suggests. 
Negative index materials might lead to a number of interesting applications including 
improved coupling in antennae [5], monolithic microwave integrated circuits [6], and 
improved optics and lenses [7-8]. 
 Both negative permittivity and negative permeability are needed in order to 
obtain a negative index of refraction. No material exhibits either a negative 
permittivity or negative permeability as a fundamental materials property. However, it 
is possible for negative permittivity or negative permeability to occur near a resonance 
frequency. At frequencies above a weakly damped magnetic or dielectric resonance, 
the permeability or permittivity can have a negative excursion for some range of 
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frequencies. For a material that exhibits both a dielectric and a magnetic resonance, if 
the frequency range for negative permeability matches the frequency range for 
negative permittivity, a negative index of refraction results at that frequency range.  
 A negative index of refraction was first realized experimentally in 2001 by 
Shelby, Smith and Schultz [9]. They used an array of copper strips to achieve an 
electronic resonance at about 10 GHz. They matched this resonance with an array of 
split ring resonators to achieve a negative permeability. They verified that this 
metamaterial shows an effective negative index of refraction through Snell’s Law.  
 The work by Pendry and Shelby, Smith and Shultz has lead to a large amount 
of research in studying negative index of refraction material. The status of the field 
was extensively reviewed in October 2008 [10-14]. In general, the field has focused on 
either using metamaterials such as those discussed above [10-12] or using photonic 
crystals [13]. Photonic crystals use diffractive effects to mimic a negative index of 
refraction. Even for the metamaterials, the size of the structure is on the scale of a 
wavelength, so diffraction effects are possible. Furthermore, for optical frequencies, 
the structures become more difficult to fabricate using standard lithography. Also, 
there would be great difficulty in achieving a truly three-dimensional negative index 
using metamaterials. If a material could be designed to use intrinsic material properties 
to get the negative index of refraction, the structure problems of metamaterials and 
photonic crystals would not have to be considered.  
 Theoretical work suggests that a layered material with alternating layers of 
negative permittivity (and small permeability) and negative permeability (and small 
permittivity) would act as a material with a negative effective index of refraction [15-
16]. The composite material should exhibit a negative refractive index if the size of 
each phase of the composite is significantly smaller than the wavelength of interest. 
We next consider the three regions of the electromagnetic spectrum where it might be 
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viable to match a dielectric resonance with a magnetic resonance in order to obtain a 
negative index of refraction: the visible to ultraviolet, the UHF to microwave region 
and the infrared region.  
 For the visible to ultraviolet region, there are many choices for dielectric 
resonance. Electronic polarization modes tend to occur in this region. These are very 
lightly damped and often result in a negative permittivity over a range of frequencies. 
The options for magnetic materials are less obvious. Conventional magnetic 
resonances (ferromagnetic resonance) occur at frequencies far lower than optical 
frequencies, certainly less than about 100 GHz.  
 In the microwave frequency region (1-100GHz), there are many materials that 
exhibit suitable magnetic resonances and negative permeability. Ferromagnetic 
resonances can be lightly damped in insulating materials such as garnets [17]. 
Ferromagnetic materials are well understood and often result in a negative 
permeability. Dielectric polarization modes in the microwave region are typically due 
to dipolar modes. These tend to be very highly damped and do not result in a negative 
excursion of the permittivity. If a material with a suitable dielectric resonance were 
identified, it could undoubtedly be incorporated in a composite with a magnetic 
resonance material to yield a negative index of refraction in the microwave region.  
 The infrared region appears to be most promising. The resonance frequencies 
of ionic modes in dielectric materials tend to be in this region. For example, SrTiO3 
has a mode with a characteristic frequency at about 100 cm-1 at room temperature [18]. 
Antiferromagnetic materials can have a magnetic resonance at similar frequencies. 
NiO, for example, has an antiferromagnetic resonance (AFMR) of about 35 cm-1 [19-
20]. It should be possible to synthesize a composite material that matches an ionic 
resonance with an AFMR in the far infrared region to obtain a negative index of 
refraction.  
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 In order to engineer a negative index of refraction in the infrared, the region of 
negative permittivity and the region of negative permeability must occur at the same 
frequency. It should be possible to shift the dielectric resonance of SrTiO3 to lower 
frequency by either lowering the temperature or adding Ba, thus softening the 
ferroelectric phonon mode [18]. It should also be possible to shift the NiO AFMR by 
either applying an external magnetic field or increasing the anisotropy by doping with 
Fe or Co [20]. Using a combination of these methods, it should be possible to achieve 
a negative index of refraction in the far infrared.  
1.2.1 Tuning the SrTiO3 dielectric resonance 
 Cochran [21] proposed that a ferroelectric transition in certain crystals is 
associated with an optic mode of the lattice becoming unstable below the critical 
temperature. This mode approaches zero frequency as the temperature approaches the 
Curie temperature. The temperature dependence of this mode is given by 
cFE TT −∝
2ω . Barker [22] used experimental data [18, 23] to develop an equation for 
this resonance frequency as a function of temperature for SrTiO3. 
( ) 12003532 −≈ TSrTiOω  (cm-1)      (1.3) 
Equation 3 represents a good fit to the data over the temperature range 85-300 K, 
though extrapolation to ω = 0 implies a Curie temperature of 34 K, which is known to 
be incorrect. This equation should give a reasonable estimate of the temperature 
dependence of the SrTiO3 phonon mode at temperatures away from the Curie 
temperature. Equation 3 can be rewritten to emphasize the dependence on T – TC.  
( ) ( )CC TTTT −≈ 35,2ω  (cm
-1)      (1.4) 
at 300K 
( ) 10500353002 +−≈= CTKTω  (cm-1)     (1.5) 
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Equation (5) gives an estimate of the response of the room temperature resonance 
frequency to the change in Curie temperature due to doping. Of course, as TC 
approaches 300K, the linear approximation is no longer valid.  
 It is possible to adjust the Curie temperature of SrTiO3 by doping. The Curie 
temperature of (Ba, Sr)TiO3 has been reported by Alexandru et al [24], who found that 
the Curie temperature increases linearly with increased Ba content.  
33360 +≈ BaC xT  (K)       (1.6) 
Substituting Equation 6 into Equation 4: 
BaBa xx 126009345)(
2 −≈ω  (cm-1)      (1.7) 
 We have now identified two methods of shifting the SrTiO3 dielectric 
resonance. The resonance frequency will decrease with decreasing temperature 
(Equation 3) or with increased Ba content (Equation 7). 
1.2.2 Tuning the NiO Antiferromagnetic Resonance 
 it is well known that the square of the AFMR frequency is proportional to the 
exchange field HE and the effective anisotropy field HA. 
AEAFMR HH∝
2ω         (1.8) 
This results in an AFMR frequency for NiO of about 36 cm-1. Other ions, such as Co2+ 
and Fe2+, have higher anisotropy energies than Ni2+ so we anticipate that doping NiO 
with Co2+ or Fe2+ will raise the AFMR frequency. Becker et al [20] have 
experimentally confirmed this behavior. They also showed that the AFMR frequency 
is increased greater for Co2+ doping than for Fe2+ as expected based on the particularly 
high anisotropy associated with Co2+. For small dopant concentrations, the square of 
the AFMR frequency was found to increase linearly with concentration [20], 
indicating that the exchange field is essentially unaffected. At a Co2+ doping level of 
6.6%, the AFMR frequency was found to shift to about 65 cm-1.  
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 By setting the effective exchange energy and the anisotropy energy to be 
averages of the contributions from host and dopant ions, Becker et al [20] minimized 
the sum of these energies to obtain a simple equation for the AFMR as a function of 
Co doping.  
  (1.9) 
 
H and D refer to the host ions and defect ions respectively. J terms refer to the 
exchange interaction parameters, HA are the anistotropy field for the given ion, z is the 
number of effective nearest neighbors (taken to be six).  
 
Table 1.1. Magnetic Constants for Ni
2+
 and Co
2+
 in NiO 
Ion Ni
2+
 (cm
-1
) Co
2+
 (cm
-1
) 
J 71.3 29.6 
HA 0.75 18 
 
 The values of these material constants associated with Equation 9 were 
inferred from the literature [20, 25-27] and are summarized in Table 1. Substituting 
these values in Equation 9 yields a simple linear equation for the AFMR as a function 
of doping concentration:  
1300450002 +≈ xAFMRω  (cm
-1)      (1.10) 
This equation is a good fit to experimental data for Co2+ doping for NiO for x <, 0.07. 
Above this level, peak broadening limited the ability to measure the resonance. This 
effect limits the extent to which the AFMR can be shifted with doping: if a peak 
becomes too broad, it will not result in a negative excursion in the permeability. 
( )[ ] 





−×++−=
HD
HH
DH
A
HHD
A
DH
A
HHH
J
J
SHxzJHxSHSxzJ 18142ω
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 Equation 9 can also be used to determine the effect of an applied field. Any 
external applied field will simply add to the anisotropy field in the equation if the field 
is applied in a direction coincident with the anisotropy axis. This can be used to yield 
a significant increase in the AFMR frequency. Thus we have identified two methods 
for tuning the AFMR resonance of NiO: applying a magnetic field in the range 1 – 10 
T, and doping with 1 – 10 at% Co.  
1.2.3 Matching the NiO AFMR with SrTiO3 dielectric resonance 
 To achieve a negative index of refraction, it is necessary to engineer the 
frequencies of the AFMR in NiO and the dielectric resonance in SrTiO3 so as to 
overlap. The NiO AFMR can be shifted by applying an external field or by doping 
with a high anisotropy ion such as Fe2+ or Co2+. The SrTiO3 dielectric resonance can 
be shifted by a decrease in temperature or by doping with Ba to increase the 
ferroelectric Curie temperature. This allows for several approaches to achieve a 
matched resonance at frequencies in the far-infrared. 
 Figure 1.1 shows the temperature response of both the NiO AFMR and the 
SrTiO3 dielectric resonance. The AFMR does not change much with temperature 
below 300 K. Sievers and Tinkham [19] showed that the AFMR only shifted from 
about 34 to 36 cm-1 when decreasing from 300 to 2 K. The SrTiO3 resonance is much 
more sensitive to temperature, so simply changing the temperature of the NiO/SrTiO3 
composite should give a coincident resonance. As seen in Figure 1.1, we estimate that 
this will occur at about 75 K, though we emphasize that this prediction is only 
approximate because the model is very crude. 
 Figure 1.2 shows the room temperature AFMR frequency shift of NiO in 
response to doping by Co, along with the shift in the SrTiO3 dielectric resonance as a 
result of Ba doping. The effect of applying a modest magnetic field of 3 T is also 
shown. Even at zero field, coincident resonances can be arranged over a wide range of  
  9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Temperature response of the resonance frequencies of SrTiO3 and NiO. 
The NiO AFMR has little change in this range due to the high Neél temperature. The 
SrTiO3 dielectric resonance approaches zero as temperature approaches 0 K. 
50 100 150 200 250 300
20
40
60
80
100
R
es
on
an
ce
 fr
eq
ue
nc
y 
(c
m
-1
)
Temperature (K)
SrTiO
3
NiO
  10
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: The effect of Ba doping on the SrTiO3 dielectric resonance and Co doping 
and applied field on the NiO AFMR at 300 K. Using both doping and applied 
magnetic field  should allow for resonance matching in the entire range between the 
intrinsic NiO AFMR (~36 cm-1) and the SrTiO3 dielectric resonance (~100 cm
-1).
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frequencies (~40 to 70 cm-1) by doping.  Including the magnetic field, it should be 
possible to achieve matched resonance at a chosen frequency within the entire range 
from 40 cm-1 to almost 100 cm-1. For example, a sample composition of 
(Sr.46Ba.54TiO3/Co.027Ni.973O) should exhibit both a dielectric resonance and the 
AFMR at 50 cm-1 (1.5 THz). Assuming that the linewidth of the NiO is ~2 cm-1 [20] 
and the SrTiO3 linewidth is much larger than this [18], this system should exhibit a 
negative index over the range 50-51 cm-1 (1.50 – 1.55 THz). The magnitude of 
negative index is not trivial to predict. For terahertz radiation incident on a thin film or 
finely dispersed composite material, the wavelength is much larger than the structure 
of the composite, so we approximate the effective permeability and permittivity of the 
composite by volume-weighted averages for the SrTiO3 and NiO. SrTiO3 has µ = 1so 
even if the NiO resonance is broad (small negative permeability) the system should 
exhibit an overall negative permeability. NiO has ε ~ 5 at high frequency [20], but the 
dielectric constant of SrTiO3 can approach εr ~ -100 near the resonance [18], so the 
system should also exhibit an overall negative permittivity. The actual values obtained 
depend on the linewidth of the resonance, which is affected by doping conditions, 
temperature and crystal quality. 
1.3 Introduction – Combinatorial Oxide Thin Films 
 Oxide thin films are used in a variety of systems and applications. Oxides exist 
as dielectric materials, magnetic materials and semiconductor materials among other 
material types. The material properties of these materials can be changed in a variety 
of ways through changing the composition of the material.  
 Studies of composition effects in thin films can be long and tedious using 
standard techniques that require a new deposition for each composition (and often a 
new source as well). In order to systematically study the effects of composition on 
oxide materials, several high-throughput combinatorial techniques have been devised. 
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One such technique [28] was used to systematically study the effect of dopant 
concentration in ZnO as a transparent conducting material. This technique allows for a 
robust method of studying changes in composition in ZnO with a single deposition. 
This technique will be further discussed in Chapter 2. 
1.4 ZnO as a Transparent Conducting Oxide 
1.4.1 Transparent and Conducting 
 Material that are both transparent to optical wavelengths and have high 
electrical conductivity are vital for many applications. Reports of transparent 
conducting (TC) films appear to date back to the 19th century [29]. These first TC 
films were coatings of silver, gold or platinum that was thin enough to let some 
amount of light through. These films had limited use and were only used for a few 
niche industries. TC films first became truly viable for manufacturing use when wide 
band-gap materials such as SnO2 were considered. Transparent conducting oxides 
(TCOs) were first used for defrosting windows on airplanes. SnO2 was a major key to 
allowing high altitude bombing during World War II [30] and is still a major 
component in many functional glass applications. There has been a lot of research on 
TCO materials summarized in many reviews [29-40]. Indium tin oxide (ITO), 
typically 90% In2O3 10% SnO2, has now become the most used TCO in applications 
such as photovoltaics and flat panel displays (FPD). Many new materials are on the 
horizon, including ZnO. 
 TCO materials have become the main class of materials for TC applications for 
a couple key reasons. Althought thin metal films were used initially as TC materials, 
they had to be very thin to allow any reasonable amount of light through. A common 
figure of merit (Φ) for a TC material is given by [29]:  
          (1.11) 
sR
T 10
=Φ
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Where T is the optical transmission and Rs is the sheet resistance. The exponent on the 
optical term is high in order to balance the electrical and optical properties in a more 
useful way. For metals, in order to keep T high, the film must be very thin, which 
greatly reduces Rs.  
 The solution to this problem was to use wide band-gap materials. Many wide-
gap materials are oxides, which leads to the term TCO. In order to be useful, the 
material should have a band-gap larger than the largest energy of light for the given 
application. This corresponds to about 3.1 eV gap for 400 nm light. A useful TCO 
must also be easily degenerately doped. This is not always trivial; many donors and 
acceptors for these materials tend to have deep energy levels. Also, point defects such 
as vacancies or interstitials can compensate for any extrinsic dopant. At this time, the 
most common TCO materials are In2O3, ITO, SnO2, ZnO and CdO. The majority of 
the research in searching for new TCO materials has focused on binary and ternary 
oxides of these materials [41-49].  
 The other optical property that one must consider is the plasma edge. The 
plasma edge is highly correlated with the electrical properties and is often used as a 
measure of the carrier concentration of the material. The plasma frequency ωp is given 
by Drude’s theory of electrons as: 
          (1.12) 
 
where ε0 and ε∞ are the dielectric constant of the material and the dielectric constant of 
free space. N is the carrier concentration, e is the charge of an electron and me
*
 is the 
effective mass of the carriers. Although ωp is a function of the material through the 
effective mass and dielectric constant, the frequency for a given material shifts as a 
function of N1/2. For a metal, the plasma frequency is in the optical frequencies making 
the metal reflect optical light. For a good TCO, the plasma edge must be in the 
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infrared. The plasma edge can be used to estimate the carrier concentration optically. 
The plasma edge is also the property of primary importance in many applications such 
as low-emissivity glass.  
1.4.2 Applications of transparent conducting oxides 
 TCO materials are vital to many industries today. There are many 
comprehensive reviews of TCO applications [30,37,40]. Some of the most important 
applications for TCO materials are functional glasses, photovoltaics, FPDs and other 
optoelectronic devices.  
 The term functional glass includes glasses for a wide range of uses. They are 
typically structural glasses that utilize the electrical properties of the TCO material to 
gain a function. Along with defrosting windows as mentioned before, one of the most 
common examples is a low-emissivity glass. In this application, the TCO is designed 
to have a plasma edge that is around or less than 1000 nm. This allows the glass to be 
transparent to visible light while reflecting the infrared radiation. These low-emissivity 
glasses are used as window glass to keep heat inside buildings in cool climates, heat 
outside in warm climates or even to keep the outside of oven door windows cool. Cost, 
transparency and chemical stability are the main TCO requirements for functional 
glasses with less of a requirement on electrical conductivity. SnO2 has been the main 
TCO material for these applications. 
 Although functional glasses and other applications are important, the two 
applications that are driving much of the TCO research are FPDs and photovoltaics. 
All FPD technologies require TCO materials as front electrodes. These materials must 
combine the highest transparency with the highest conductivity. Although highly 
doped silicon is often used as a top electrode for single crystalline silicon solar cells, 
most other solar cell technologies require a TCO material. The efficiency of these 
solar cells will of course be highly dependent on the transparency of the TCO along 
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with the conductivity. Only the best TCO materials are viable for most of these 
applications. ITO has been the standard TCO material for high-end applications such 
as photovoltaics and FPDs. Much of the research in TCO materials has involved the 
search for a replacement for ITO, which has become a very expensive material.  
 One could also imagine a vast array of applications if transparent electronics 
could become a reality. These applications require pn junctions in transparent 
materials. This has been difficult dut to the non-symmetric doping of wide band-gap 
TCO materials. There has been a vast amount of research in recent years attempting to 
obtain better transparent electronics. Much of the work has focused on achieving p-
type ZnO to match the relatively easily obtained n-type ZnO [36, 50-57]. A lot of 
research has also gone into obtaining good interfaces between n-type ZnO and a 
second p-type material such as GaN. 
1.4.3 Search for an ITO replacement 
 The current standard material for FPDs and many photovoltaic devices is ITO. 
Standard ITO contains about 80% indium and 20% tin. ITO can easily be made highly 
conductive (<10-4 Ω.cm) with an absorption coefficient of less than 0.05. ITO is also 
highly stable, both chemically and thermally. This fulfills the requirements for FPDs 
and photovoltaics. ITO has been found to be an excellent material for high-end 
electronic devices.  
 The problem with ITO has to do with its cost. The supply of indium results 
from mining of other metals such as zinc, tin, copper or iron. Indium is a byproduct of 
many ores of these metals. The fact that indium is a byproduct of other manufacturing 
and does not have a significant ore of its own means that the supply is essentially 
fixed. Due to the increased demand of indium from increased FPD manufacturing, the 
price of indium has increased significantly in recent years. Accoring to EconStats [58], 
the price for indium was leass than $100/kg in 2002. By 2006, the price had increased 
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to more than $980/kg. Without a significant increase in supply, the price is expected to 
continue to climb as demand increases. There is a strong desire to find a TCO material 
that has the stable optical and electrical properties of ITO without relying on large 
amounts of indium. 
 Of the commonly known TCO materials, SnO2, ZnO and CdO are the most 
commonly studied as replacements for ITO. So far, SnO2 has not shown conductivities 
that are sufficient to be used in FPD or future photovoltaics. CdO has shown promise, 
however research on CdO has been limited due to the highly toxic nature of Cd. ZnO 
is still thought to be a promising choice due to conductivities that approach ITO along 
with excellent optical transparency. ZnO has not been used widely as a replacement 
for ITO due to poor electrical stability at elevated temperatures needed in subsequent 
processing in FPD or photovoltaic applications. In general, there is a relatively poor 
understanding of the doping mechanisms in ZnO. The role of the point defects and 
hydrogen defects is a much-debated topic in regard to ZnO. 
 There have also been many studies searching for new TCO materials [42-49]. 
The majority of these studies have involved binary and ternary oxide compounds of 
Sn, Zn, In and Cd. Although there have been promising leads, there has been little 
follow-up in order to understand the materials found. In general, it is expected that 
binary and ternary oxides will result in more difficulties in understanding and 
controlling point defects. 
1.4.4 ZnO as a transparent conductor 
 ZnO is a leading candidate for replacement of ITO as a high-end TCO 
material. ZnO has been studied extensively for many years and several reviews have 
been published [59-61]. Although ZnO studies have shown many successes, there is 
still a relatively poor understanding of some aspects of the material. ZnO is typically 
n-type even without intentional doping. This has also led to some difficulty in 
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achieving p-type ZnO. There is much debate as to what the source of n-type carriers is 
in ZnO and how they can be controlled. History has suggested that point defects such 
as zinc interstitials [62-65] or oxygen vacancies [66-69] are the source, while some 
recent work has suggested that it is all due to unintentional hydrogen doping [70-78] 
ZnO has been chosen as a possible ITO replacement due to several important 
properties. ZnO is a particularly cheap alternative to ITO. ZnO has a direct band-gap 
of about 3.2 eV, which is near ideal for TCO applications. ZnO has the wurtzite 
structure and can be grown with relatively large grain size even at moderate deposition 
temperatures. The structure also allows for a wide range of dopant materials. High 
conductivity n-type ZnO has been achieved through doping [79-83] with B, Al [84-
105], Ga [106-110], In [111-116], Ag [117], rare earth [118] and other dopants. There 
have also been some studies that suggest that p-type ZnO is possible [36, 50-57]. 
Finally, ZnO is easily etched, which allows for relatively easy patterning for device 
structures.  
There are still a few drawbacks to using ZnO at this time. First, although 
conductivities have approached those of ITO, they are not quite as good and are only 
achieved using extreme care and precision in processing. Second, the best 
conductivities do not tend to be stable even at moderate temperatures in the presence 
of air or humidity. This makes high conductivity ZnO an extreme difficulty using 
current manufacturing techniques for fabrication of FPDs, which require several 
subsequent high temperature processes. This also raises questions of reliability of ZnO 
based devices. 
One cause of the poor stability of ZnO electrical properties comes from the 
source of carriers. Essentially all of the high conductivity ZnO has been achieved with 
great care to control point defects. In particular, most films are deposited or annealed 
in the presence of hydrogen. The hydrogen has been thought to act as a reducing 
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agent, which keeps the oxygen level in the film low. There have been many studies 
that have correlated the presence of oxygen vacancies [66-69], or zinc interstitials [62-
65] with the carrier concentration in ZnO. More recently, density functional theory 
calculations suggest that hydrogen acts exclusively as a donor in ZnO, either as an 
interstitial or even as a substitutional dopant [70-73]. The presence of hydrogen and 
the correlation with electrical properties has been shown experimentally as well [74-
78]. This suggests that the best ZnO conductivities are a result of not only the extrinsic 
dopant (Al, Ga, In for example), but also point defects such as oxygen vacancies, zinc 
interstitials or hyrdrogen. These defects have high mobilities and can be annealed out, 
reducing the conductivities. For example, interstitial hydrogen has been shown to be 
removed rapidly at temperatures as low as 150 ºC [78] substitutional hydrogen is 
thought to remain stable at higher temperatures. 
There is a strong desire to achieve ZnO with a conductivity that approaches the 
conductivity of ITO and does not require high temperature annealing in reducing gases 
such as hydrogen. To achieve this will require higher activation of extrinsic dopants 
without also relying on point defects and hydrogen to act as sources of carriers. This 
requires increasing the solubility of an extrinsic dopant in order to decrease the 
amount of dopant precipitating out in a second phase. We propose to do this thorough 
codoping. Doping with more than one extrinisic dopant might lead to increased total 
dopant solubility. 
Two of the most commonly used dopants for ZnO are Al and In. Zn2+ has an 
ionic radius of 0.074 nm while Al3+ has an ionic radius of 0.05 nm and In3+ has 0.081 
[119]. These large mismatches of  -32% for Al3+ and +9% for In3+ can lead to large 
strain in the lattice. We anticipate that codoping with both Al3+ and In3+ should allow 
for higher total dopant solubility and activation along with improved crystal quality 
even for low temperature depositions without the need for high temperature annealing. 
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This could lead to the improved electrical properties and stability needed to replace 
ITO. It could also lead to a material that could be used as a high quality TCO for 
applications that require a low thermal budget, such as TCO films deposited on 
polymer substrates or films. A combinatorial technique such as off-axis cosputtering is 
an excellent method to test this hypothesis.  
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CHAPTER 2 
 
EXPERIMENTAL METHODS  
2.1 Introduction 
  High throughput combinatorial techniques are often used to quickly examine a 
large number of parameters in a system. They may be used to study how properties 
change with a number of variables such as composition, temperature, deposition rates 
and many other process parameters. One such method used to combinatorially 
examine a large region of composition space uses co-sputtering from two or more off-
axis sputter sources [28]. A variety of oxide thin film systems have been studied 
successfully using this technique. This technique has been used to study Al and In 
doping in ZnO and may be used in the future to study the effect of doping on 
resonance frequencies of materials such as SrTiO3 or NiO. 
 The high throughput deposition chamber is a small part of a combinatorial 
study. In order to fully utilize a combinatorial deposition technique, high throughput 
measurement techniques must be established to measure the desired properties in a 
reliable way. For the systems of interest here, these techniques include x-ray 
diffraction to determine atomic structure, optical spectrometry to determine 
transmission, reflection and absorption, four-point probe to determine sheet resistance 
along with other common techniques. 
2.2 Combinatorial Technique Using Reactive Off-Axis r.f. Cosputtering 
 Off-axis sputtering is a method of sputtering that places the substrate at an 
angle relative to the sputter source. In particular, if the angle between the sputter 
source and the substrate is 90°, the deposition rate on the substrate will be a well-
behaved function of the distance from the sputter source. In the direction 
perpendicular to the sputter source (i.e. the sputter direction), an exponential decay 
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function serves as a good empirical fit for the deposition rate as a function of distance 
from sputter source.  
           (2.1) 
R(x) is the change in thickness per unit time and is defined as the deposition rate. The 
constants b and d depend on the system of interest, which includes pressure and 
sputter source power among other parameters. Figure 2.1 shows the deposition rate of 
ZnO on Si as a function of distance on the substrate measured optically. The fit to this 
data is very good allowing us to model the deposition rate with a simple function even 
without an underlying theoretical basis. 
 Equation 2.1 can be extended easily to include a full 2 dimensional substrate. 
This is needed when depositing ternary composition spreads. Equation 2.1 can be 
extended as an exponential ellipsoid: 
           (2.2) 
 
In this equation, c is a term that accounts for the fact that the sputter source is not a 
point source. Figure 2.2 shows the optically measured thickness of ZnO on a silicon 
wafer. This is compared to the least squares fit for Equation 2.2. As can be seen, there 
is excellent fit to the data. In general, c is found to be about 0.7 for the deposition 
chamber. If the deposition parameters are similar to previously examined systems, c 
can be assumed to be 0.7 and a line scan along x is all that is needed to determine the 
deposition rate with good accuracy. 
 A combinatorial technique can then be devised that has three independent 90° 
off-axis sputter sources located at 90° to each other as in Figure 2.3. Each source is 
independent thus allowing for individual rate control from each source. Each source 
has a rate profile given by Equation 2.2. When cosputtering from each source 
simultaneously, the resulting film will be a superposition of the three sputter sources.  
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Figure 2.1: Thickness of ZnO measured optically as a function of distance on a 
substrate. The fit is a simple exponential decay function with excellent match to data. 
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Figure 2.2: (a) Thickness of ZnO measured optically as a function of distance  on a Si 
substrate. (b) Exponential ellipsoid fit to measured thickness (c) The percent error of 
fit to experimental data. The error is less than 10% for the entire substrate.
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Figure 2.3: Off-axis cosputtering system used to make high-throughput combinatorial 
composition spreads. Cosputtering from two or three independent sputter sources 
results in a range of composition on a single substrate. 
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This means that the composition on the substrate is a function of location on the 
substrate.   
 The system also contains a fourth sputter source that is located on axis to the 
substrate. This source is typically a larger 4 inch sputter source. This source is used to 
obtain a uniform film with less than 10% variation in thickness possible. Figure 2.4 
shows an example film thickness of a ZnO film deposited from a 4-inch Zn target in 
5% oxygen as a function of distance. The 4-inch source was placed in a location as 
close to the source as possible in order to get the highest rate possible for a given 
sputter power. Figure 2.4 shows that the variation in thickness is about 10% for this 
film. It is possible to improve on this uniformity by increasing the distance between 
the sputter source and the substrate. The 4-inch sputter source is most useful for 
composition spreads in which it is desired to have one element constant and be the 
majority of the film, such as studies of doping in semiconductors.  
 There are several known issues that must be considered when using the on-axis 
source. First is the poor uniformity. Although reasonable uniformity in thickness is 
possible, the film can receive non-uniformity due to variation in ion bombardment. 
This is typically a radial effect due to the highest sputter rate coming from the target 
racetrack. This will effect will likely have some effect on the structure of the film. 
This can be seen in Figure 2.4 through the film resistivity. Although the thickness 
varies by only about 10%, the two-point resistance varies by more than an order of 
magnitude. In looking closer, the resistance increases on the substrate at locations that 
correspond with the sputter source racetrack. Although other systems might not be as 
sensitive to small changes in deposition conditions as this system, this non-uniformity 
in ion bombardment must be considered in all systems. 
 There is also strong evidence that the large 4-inch gun interacts with the other 
sputter sources. There appears to be a stronger effect when using a pulsed DC power  
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Figure 2.4: The two point resistance times the thickness of a ZnO film deposited on-
axis from a 4-inch sputter source on a microscope slide as a function of location on 
substrate. The resistivity varies by an order of magnitude with two peaks (15 mm and 
55mm) corresponding to the middle of the sputter source racetrack. 
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Figure 2.5: The DC bias of a 2-inch sputter source with an Al target and 100 W r.f. 
power as a function of sputter power on the 4-inch on-axis sputter source. Some level 
of interference is seen in the DC bias of the 2-inch source. This effect is larger when 
using a pulsed DC source for the 4-inch sputter source. 
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supply rather than an rf source. Figure 2.5 shows the DC bias of one of the 2 inch 
sputter sources with an Al target at 50 W as a function of power to the 4 inch sputter 
source with a zinc target. A significant decrease in the magnitude of the dc bias is 
obvious. This can lead to less Al in the Al:ZnO film than would be expected from 
deposition rates. It is interesting to note that the trend is opposite and smaller when 
using an rf source for the 4 inch sputter source.  For this reason, a second independent 
method of determining composition in a cosputtered film other than deposition rates 
must be used. 
2.3 High-throughput Measurement of Composition Spreads 
2.3.1 X-ray Diffraction with GADDS 
 The Bruker AXS with General Area Detector Diffraction System (GADDS) 
uses a two-dimensional detector to achieve a combinatorial approach of examining a 
range of 2θ and θ [120]. Figure 2.6 shows a schematic of the system. Figure 2.7 shows 
the output for a polycrystalline corundum sample used as a calibration standard. The 
sample is polycrystalline and therefore each powder diffraction cone 2θ intersects the 
two-dimensional detector as a hyperbola. For a single crystal sample, the result will be 
spots located at the correct geometry. Textured thin films will be somewhere in 
between. The GADDS system allows for a quick method to locate single crystal 
diffraction peaks. Pole figures (rotation of φ) and rocking curves (vary ω) can be 
completed to quantify crystal quality.  
2.3.2 High throughput optical measurements 
 Optical measurements are very useful for rapidly obtaining many material 
properties of thin films. These properties include optical quantities such as refractive 
index and absorption coefficient, band-gap and plasma frequency. From spectral data, 
one can also determine the thickness of the film for reasonably thick films. We have  
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Figure 2.6 Schematic of x-ray diffraction system with two-dimensional detector. 
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Figure 2.7: Output of Bruker GADDS for a polycrystalline corundum sample. The 
arcs at a given 2θ occur due to the intersection of diffraction cones with the 2D 
detector. 
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Figure 2.8: Optical apparatus used for measuring optical reflection and transmission of 
thin film composition spreads.
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developed an optical measurement apparatus (Figure 2.8) that involves an x-y stage 
for rapid measurements of thin film composition spreads. This apparatus uses an 
Ocean Optics USB2000 Spectrometer with measurement capability between 340 – 
1050 nm. At this time, the apparatus can be used for reflection or transmission 
measurements separately but not simultaneously. A second spectrometer would be 
needed for simultaneous reflection and transmission measurements.  
 Figure 2.9 shows the optical reflection for a standard mirror and for a ZnO film 
on Corning D-263 glass and the ZnO film reflection normalized to the mirror. 
Reflection measurements can be used to rapidly measure the films thickness and/or 
refractive index. The reflectivity R of a thin film of thickness d on a substrate is a 
function of the refractive index of the film n and of the substrate ns.  
           (2.3) 
 
 
where r1 is the Fresnel coefficient for the film/air interface and r2 is the Fresnel 
coefficient for the substrate/film interface. 
           (2.4) 
 There is a similar equation that one can use for fitting to the transmission T as 
a function of d, n and ns. 
      (2.5) 
 
 
where t1, t2 and tsub are given by: 
         (2.6) 
 Equations 2.3 and 2.5 assume that the film is transparent with α = 0. This is 
often a reasonable assumption for oxide materials for wavelengths greater than the  
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Figure 2.9: The optical reflection of the source from a standard (mirror) and a thick 
ZnO film on Corning D-263 glass.
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band-gap. These equations will not be valid for any material that has a large 
absorption coefficient. One can typically assume absorption is small and the n is 
approximately constant with wavelength for wavelengths that are much greater than 
the band gap.  
  If the assumptions that absorption is small and that the refractive index is 
approximately constant are valid, one can easily determine the refractive index and 
thickness of a thin film using Equation 2.3. For a film that has n>ns, the minimum 
resistivity Rmin depends only on the refractive index of the substrate. 
   snn >    (2.7) 
 
Similarly, if n < ns, Rmax is only a function of the refractive index of the substrate. 
 
        snn <    (2.8) 
 
 Equations 2.7 and 2.8 can be used to verify the assumption that absorption is 
small and can be used to determine a correction factor for errors in normalization. 
Looking again at Equation 2.3, one can see that the amplitude of oscillations in the 
reflectivity curve only depend on n. If the film is thick enough to accurately determine 
a maximum and a minimum, n can be calculated explicitly. The thickness of the film 
can then be calculated by determining the phase term. A C++ program has been 
written that rapidly determines the refractive index and thickness from reflectivity data 
using this method. 
 If the film is not thick enough to get an accurate minimum and maximum, a 
C++ program has been written to determine the lowest residual error fit for n and d. 
Much of the work has focused on ZnO. ZnO has a band-gap of about 3.25 eV (350 
nm) and has a large variation in refractive index near this value. For ZnO films, the 
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wavelength range used for data fitting has been 600nm to 1000nm. The change in 
refractive index is expected to be less than 5% (2.0 – 1.95). Figure 2.10 shows the 
calculated fit for the sample of Figure 2.9. It can be seen that for this sample, the fit is 
very good above 450-500 nm.  
 Although transmission measurements can also be used to calculate refractive 
index and thickness in a similar way to reflectivity, transmission data is most useful 
for measuring band-gaps. Figure 2.11 shows an example of two ZnO transmission data 
at wavelengths near the band-gap. At wavelengths lower than the band-gap, the 
transmission is very close to zero. In order to determine an accurate optical band-gap, 
one would plot α1/2 for an indirect gap or α2 for a direct gap and extrapolate the linear 
region to α=0. The absorption coefficient α is given by: 
deTT α−′=           (2.9) 
The value α2 is plotted versus energy for the two samples in Figure 2.12. It can be 
seen that the extrapolated value for the direct band-gap of ZnO shifts to higher values 
for higher conductivity. This is due to higher carrier concentration leading to the well 
known Burstein-Moss shift [121].  
 The plasma edge is another material property that can be measured optically. 
At wavelengths above the plasma edge, the material becomes highly reflective. The 
plasma edge is related to the carrier concentration N. 
           (2.10) 
This results in a second method to examine changes in electrical properties optically. 
Increases in carrier concentration can shift the band-gap to higher energy (lower 
wavelength) and the plasma edge to higher frequency (lower wavelength). The plasma 
edge for most wide band-gap materials tend to be greater than 1000nm, which leads to 
difficulty in measuring plasma edge with our current apparatus.  
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Figure 2.10: The normalized reflectivity from Figure 2.9 with the model fit from 
Equation 2.1. The fit is excellent above 450nm. 
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Figure 2.11: The optical transmission for two ZnO samples near the band-gap. The 
transmission drops for wavelengths below the optical band-gap. The band-gap shifts to 
higher energy (lower wavelength) due to the Burstein-Moss effect. 
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Figure 2.12: The square of the optical absorption as a function of energy. The linear 
extrapolation is used to estimate the value of the band-gap. The shift in band-gap to 
higher energy for the high conductivity film is due to the Burstein-Moss effect.
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 An optical apparatus that can measure reflection and transmission from ~350 – 
1050 nm has been introduced. The x-y stage along with programming in C++ allows 
for high-throughput measurement of optical properties of thin film composition 
spreads. These measurements can be used to determine refractive index, film 
thickness, and optical band-gap rapidly. Further optical measurements can also be 
taken to higher wavelength to measure plasma edge.  
2.3.3 High throughput resistivity measurements 
 There are two common methods of obtaining resistivity measurements of thin 
films. The first is a standard linear 4-point probe technique; the second is a 4-point 
measurement using the van der Pauw technique. Linear 4-point probe techniques are 
very easily used for high through-put measurements, while the van der Pauw 
technique is slower, but can easily be extended to measure the Hall coefficient. Both 
of these methods measure the sheet resistance Rs of the film, which is related to 
resistivity ρ by the film thickness d. 
          (2.11) 
 The first method of measuring sheet resistance is the linear (in-line) 4-point 
probe technique. In this method, four metal probes are spaced in a line of equal 
spacing as in Figure 2.13. A current is applied between the outer two probes and the 
resulting voltage is measured between the inner two probes. For a thin sample, the 
sheet resistance Rs is proportional to the voltage divided by the current. 
          (2.12) 
For an infinite sheet, 2lnπ=k . This results from determining that the current will 
travel in circular current rings. This factor k will be different for non-ideal sample 
sizes and shapes and is termed the geometry factor. This method is a very rapid and 
fairly accurate method to determine the sheet resistance of a thin film.  
d
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Figure 2.13: In-line four-point probe for sheet resistance measurements. A current is 
applied to the outer two probes. The voltage is measured between the inner two 
probes. 
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 The van der Pauw technique is another common technique to measure the 
sheet resistance of thin films. This technique is particularly useful when used in 
combination with Hall measurements, which results in not only sheet resistance 
(resistivity), but also mobility, carrier concentration and carrier type. The van der 
Pauw technique is a four contact technique that can be used to measure flat films of 
any shape. Typically, the shape is chosen to allow for Hall measurements: cloverleaf, 
hall bar, etc. For the van der Pauw technique, the four contacts must be on the very 
edge of the film and must be very small. Any deviation from this results in error in the 
measurement. Cloverleaf patterns reduce the error from finite contact size. Figure 2.14 
shows the simplest van der Pauw pattern with the contact labels. 
 The measurements needed to determine sheet resistance involve applying a 
current I12 from terminal 1 to terminal 2 and measuring the voltage V34 between 
terminals 3 and 4. For the second measurement, apply a current I23 from 2 to 3 and 
measure the voltage V41 between terminals 4 and 1. Two resistances can then be 
defined. 
            (2.13) 
The sheet resistance can then be found by solving: 
           (2.14) 
 
 This technique can easily be extended to include Hall measurements. In order 
to do this, a substrate holder was created that would place the sample with the contacts 
in a magnet for a vibrating sample magnetometer capable of fields up to 1.5 T. The 
sample is placed such that the field is perpendicular to the film surface. The Hall 
voltage can then be measured by, for example, applying a current I24 and measuring 
voltage V13. An accurate value of the Hall voltage can be calculated by measuring each 
corner-to-corner Hall voltage with both polarities and with a positive and a negative  
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Figure 2.14: A standard sample with contacts for the van der Pauw technique. The 
contacts are labeled in a counter-clockwise fashion.
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magnetic field. If the resulting Hall voltage VH is positive, the material is p-type, if 
negative then n-type.  
 The Hall voltage can then be used to determine the carrier concentration and 
with the sheet resistance from Equation 2.14, the mobility. The carrier concentration is 
related to the Hall voltage by: 
           (2.15) 
 
The mobility µ is related to the Hall voltage and sheet resistance without any 
dependency on thickness.  
           (2.16) 
In order to use the van der Pauw technique, each 2 to 3 inch sample must be diced up 
into smaller samples. For the work done here, the standard size adopted was 5 mm 
squares. In order to determine if this size was reasonable, a cloverleaf pattern was 
scribed into the sample. The variation in the electrical properties was found to vary 
less than 10% for cloverleaf patterns down to 1 mm. This suggests that the 5 mm 
square sample size is reasonable for measuring the electrical properties of composition 
spreads using the van der Pauw technique. 
Two methods have been discussed for measuring electrical properties of 
conducting thin films. The in-line 4-point probe technique is a very rapid technique 
that is excellent for determining sheet resistance of composition spreads. The van der 
Pauw technique with Hall measurement is a relatively low throughput technique which 
requires dicing up a sample into small samples. This technique does allow for greater 
material understanding through separation of carrier concentration and mobility. This 
technique is very useful for combinatorial techniques due to the high reliability that 
results from composition spreads. The van der Pauw technique with Hall measurement 
is an excellent technique for discerning trends in a composition spread. 
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CHAPTER 3 
 
EXPERIMENTAL STATUS OF ACHIEVING A NEGATIVE INDEX OF 
REFRACTION IN THE FAR-INFRARED  
 
 It has been proposed that it should be possible to achieve a negative index of 
refraction by combining an antiferromagnetic resonance (AFMR) with a dielectric 
resonance to achieve a negative index of refraction in the far-infrared. NiO has an 
AFMR at about 35 cm-1 (1.1THz) [20] and SrTiO3 has a dielectric resonance at about 
100 cm-1 (3 THz) [18]. It has been shown in Chapter 1 how these resonance 
frequencies can be shifted. In order to verify this theory, two experimental techniques 
were attempted. First, a thin film heterostructure was grown with excellent crystal 
quality. This material could lead to a rapid method of studying the effect of dopants on 
the resonance frequencies of NiO and SrTiO3 using a composition spreads. The 
second method involves fabricating bulk ceramics through pressing of powders. 
 
3.1 Epitaxial (SrTiO3/NiO)n/MgO Thin Film Heterostructure 
 The deposition technique used in this work was reactive off-axis rf sputtering. 
This technique can later be used to deposit composition spreads like those in Chapter 2 
in order to study the effects of doping on the resonance frequencies of NiO and 
SrTiO3. One or two dc magnetron sputter sources (US Gun II) were oriented 90° off-
axis with respect to the substrate. NiO films were sputtered reactively from an 
elemental Ni target with an r.f. power of 100W and the SrTiO3 from a ceramic SrTiO3 
target with an r.f. power between 50 and 100W. The base pressure of the vacuum 
chamber was approximately 2 × 10-6 torr. The total pressure was held at 30 mtorr 
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during deposition. The composition of the sputter gas was 20 – 40% (by volume) O2, 
balance Ar. Substrate temperatures from ambient temperature to 600°C were studied.  
 The films were deposited on single crystal (100) MgO substrates. The 
substrates were cleaned in acetone with an isopropyl alcohol rinse. Thermal contact 
between the substrate and heater was ensured using silver paste which was degassed in 
air by heating to 80 °C for 30 min followed by 180 °C for 30 min. The substrates were 
heated to 600 °C for 30 min in vacuum to remove any water adsorbed on the substrate 
and to ensure an atomically clean surface. The temperature was then brought to the 
desired deposition temperature.  
3.1.1 Epitaxial NiO on MgO substrate 
 NiO films were grown with an r.f. power of 100 W with an oxygen partial 
pressure of 12 mtorr, argon partial pressure of 18 mtorr, and a target-to-substrate 
distance of 2.5 cm for various substrate temperatures ranging from room temperature 
to 600°C. These process parameters result in a deposition rate of about 18 nm/min. 
Film thickness ranged between 200 to 400 nm. The close lattice match between NiO 
films and the MgO substrate (~0.7% mismatch) makes x-ray diffraction analysis 
difficult using the GADDS system. The strong single crystal substrate peaks 
overloaded the detector making it difficult to resolve the NiO peaks from the MgO 
substrate peaks. However, the high sensitivity away from single crystal reflections did 
permit identification of any polycrystalline (nonepitaxial) material. The absence of  
such polycrystalline peaks either the film to be amorphous or a high quality single 
crystal. 
 Figure 3.1 shows the XRD results for depositions at temperatures of 200, 300, 
400 and 600 °C. For this experiment, all samples were 400 nm thick. The x axis 
corresponds to 2θ, varying χ corresponds to the longitudinal direction of the beam. 
For a constant 2θ, varying χ corresponds to hyperbola (i.e. the intersection of the  
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Figure 3.1: Effect of substrate temperature on crystal quality for NiO on MgO. The x-
axis refers to 2θ in degrees. γ corresponds to the longitudinal location of the XRD 
peak and varies along constant 2θ values as hyperbola due to the intersection of XRD 
cones with the 2D detector. Arcs represent misoriented material. With a deposition 
temperature of 600°C, there is no evidence of misoriented material.
 47 
diffraction cone with the 2D detector). The streaks in the form of hyperbolas that are 
seen in Figure 3.1 correspond to misoriented material; single crystal material results in 
spots on the detector. It can be seen that there is significant texturing even at 200 °C as 
evidenced by spottiness in the arcs of constant 2θ, especially at 2θ~62°. For substrate 
temperatures >600 °C, there is no evidence of polycrystalline material. Furthermore, it 
can be seen in Figure 3.2 that when a sample deposited at 300 °C is post annealed at 
1000 °C for 1 hr in air, the polycrystalline material is no longer evident.  
 Rutherford backscattering (RBS) channeling confirms that the films deposited 
at 600 °C or annealed at 1000 °C are, in fact, single crystals very well oriented to the 
MgO substrate. Figure 3.3 shows the channeling results for a sample deposited with 
600 °C with no postanneal. The film thickness of this sample is approximately 400 
nm. A χmin of only 7% for the [100] channeling direction confirms that the NiO film 
has grown with high quality epitaxy since ion channeling is a stringent test of epitaxy. 
Modeling of the RBS data using RUMP software suggests that the film is 
stoichiometric with negligible diffusion occurring at the interface. Thus, we have 
demonstrated that NiO can be grown epitaxially as a high quality single crystal on an 
MgO substrate using reactive r.f. off-axis sputtering. This can be accomplished by 
deposition at a moderate substrate temperature or by low temperature deposition 
followed by a high temperature anneal. 
3.1.2 Epitaxial SrTiO3 on MgO substrate 
 SrTiO3 has the perovskite structure with a lattice constant of 0.39 nm, which 
represents a 7% lattice mismatch with MgO. The lattice mismatch leads to a high 
density of defects. This leads to a need for a high deposition temperature. The SrTiO3 
structure has a different symmetry compared to MgO, which allows for 
straightforward XRD analysis of the epitaxial relationship between the two materials. 
In particular, the (100) and (110) XRD peaks are strong for the perovskite while they  
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Figure 3.2: Effect of annealing at 1000°C for 1 hour in air on a NiO sample deposited 
at 300°C. Evidence of misoriented material disappears upon annealing.  
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Figure 3.3: Ion channeling done with RBS in the [100] direction of a NiO thin film 
shows a χmin of 7% for a sample deposited at 600°C. Film thickness was 400 nm. This 
is definitive evidence that the NiO is single crystalline.
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are forbidden for the rocksalt structure.These diffraction peaks are not obscured by the 
substrate and therefore can be used to characterize the crystal quality.  
 Figure 3.4 shows the (100) rocking curve for a sample deposited at 600°C with 
and oxygen partial pressure of 12 mtorr, a r.f. power of 50 W, and a 2.5 cm target-to-
substrate distance before and after a 1000 °C anneal for 1 hr in air. The deposition 
parameters resulted in a deposition rate of about 3 nm/s and the film thickness was 200 
nm. The rocking curve is quite narrow with a full width at half maximum (FWHM) of 
1.2°. The inset shows the (110) pole figure for the same sample after annealing at 
1000 °C. The pole figure shows an excellent fourfold symmetry (as expected for 
rotation about the [100] axis) with essentially no misoriented material. These data 
confirm that the film is a single crystal grown with epitaxial orientation. Comparison 
with the substrate orientation reveals [100]||[100], i.e., cubic on cubic, as might be 
expected.   
 We found that a high deposition temperature and a low deposition rate were 
required to obtain the highest crystal quality in the system. At 600 °C, a deposition 
rate of less than 30Å/min and a postanneal at high temperature are required for the 
best crystallinity. Above this deposition rate, the crystal quality drops rapidly. Figure 
3.5 presents the ratio of the intensity at the appropriate χ for the (110) peak (χ ~ 135°) 
to the intensity at χ = 90° (equivalent to the standard planar θ-2θ diffraction 
geometry). This ratio increases as the crystal quality increases. It can be seen that the 
crystal quality decreases quickly and systematically with a deposition rate above 3 
nm/min at a substrate temperature of 600 °C.  
3.1.3 Epitaxial (SrTiO3/NiO)n/MgO thin film heterostructure 
 In order to fabricate a material with a negative index, it is necessary to achieve 
high quality crystal growth not only in a single film, but also on alternating layers. In  
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Figure 3.4: Rocking curve for the (100) peak of a SrTiO3sample deposited at 600°C 
before and after annealing at 1000°C in air. Inset is the (110) pole figure of the same 
sample after annealing. These data suggest reasonable crystal quality oriented 
epitaxially. 
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Figure 3.5: The ratio of the intensity of the SrTiO3 (110) plane at the appropriate χ 
value to the intensity at χ = 90° as a function of deposition rate for films deposited at 
600°C. The crystal quality drops precipitously with deposition rates above 2nm/min. 
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order to grow the epitaxial heterostructure, compromises on sputtering conditions must 
be made. As indicated above, the deposition parameters for SrTiO3 allow a relatively 
narrow window for optimal crystal quality. In particular, a high deposition temperature 
and moderate oxygen content (40% by volume) were optimal for growing SrTiO3 on 
MgO. Fortunately, these process parameters result in excellent NiO crystal quality as 
well. While a higher deposition rate for NiO could be achieved by lowering the 
oxygen content during NiO deposition, it is desirable to keep process parameters 
constant during the entire deposition of the heterostructure. We therefore adopted the 
following deposition parameters: Tsubstrate = 600°C, PO2=12mtorr, and PAr = 18 
mtorr. The NiO was deposited at 100 W using an elemental Ni target and SrTiO3 at 
50W from a ceramic SrTiO3 target. The two sputtering sources were arranged at 180° 
from each other with the sample in the middle. 
 The growth of epitaxial SrTiO3/NiO/MgO was fount to be straightforward; the 
excellent crystal quality of the NiO layer leads to epitaxy comparable to SrTiO3/MgO. 
The FWHM of the SrTiO3 (100) diffraction peak was 0.9° after annealing at 1000 °C 
for 1 hour, which is better than for SrTiO3/MgO. We attribute the improved crystal 
quality to the slightly improved lattice mismatch between SrTiO3 and NiO compared 
to SrTiO3 and MgO. 
 The analysis of the opposite stack proved to be less straightforward. The 
NiO/SrTiO3/MgO heterostructure results in the same difficulty with respect to XRD 
characterization; the top film diffraction peaks are obscured by the substrate. 
Nevertheless, XRD analysis of this sample showed that there was a small amount of 
misoriented NiO material; the ratio of oriented to misoriented material was not 
possible to estimate quantitatively. Because so little misoriented material is observed, 
we infer that the NiO has relatively good crystal quality. This was confirmed by the 
subsequent growth of high quality epitaxial SrTiO3 on top of this layer.  
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 A (SrTiO3/NiO)n/MgO film with n=2 was then grown with each individual 
SrTiO3 or NiO layer being about 100 nm thick. This structure has two layers of SrTiO3 
grown on NiO, and of course the SrTiO3 has XRD peaks not obscured by the 
substrate. The crystal quality of the SrTiO3 is representative of the crystal quality of 
the entire stack. XRD analysis of this heterostructure again showed a small amount of 
misoriented NiO; however, there was no evidence of misoriented SrTiO3. Figure 3.6 
shows the SrTiO3 (100) rocking curve for this sample with the (110) pole figure inset. 
The FWHM of 1.3° suggests that there has been very little degradation in the top 
SrTiO3 film due to possible inferior crystal quality of bottom layers. The pole figure 
shows a good fourfold symmetry with no evidence of misoriented phase. These data 
confirm that NiO can be grown on SrTiO3.  
 We have determined the growth parameters necessary for synthesisi of 
epitaxial heterostructures of (SrTiO3/NiO)n/MgO using reactive r.f. off-axis sputtering. 
Systematic exploration of the process parameters appropriate for each individual layer 
allowed us to identify common conditions that yield material with excellent crystal 
quality. These multilayers are the basis for a unique multiferroic material that could 
exhibit a negative index of refraction int eh the terahertz region.  In order to achieve 
this, it will be necessary to adjust the resonances associated with each layer using 
doping. The off-axis sputtering approach used in this study is particularly suitable for 
quickly examining doping effects of thin films. 
3.2 Bulk NiO and SrTiO3 ceramics 
 A second method of generating a material with a negative index of refraction is 
through bulk ceramics. A small grain composite material of NiO and SrTiO3 should 
exhibit a negative index of refraction if the resonances are made to match and the 
particle size is much smaller than the wavelength of radiation of interest.  In order to 
make a composite material consisting of NiO and SrTiO3, the materials must be  
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Figure 3.6: Rocking curve for the (100) peak of a (SrTiO3/NiO)/n/MgO sample 
deposited at 600°C before and after annealing at 1000°C in air. Inset is the (110) pole 
figure of the same sample after annealing. Very little degradation in the crystal quality 
of the top layer is seen.
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compatible and non-reacting. In order to test this, ceramics of NiO, SrTiO3 and a 
50/50 at % composite of NiO/SrTiO3 were fabricated from NiO and SrTiO3 powders. 
The powders were mixed in a mortar and pestle and pressed into 0.5 in. (1.27cm) 
diameter pellets of approximately 1-2 mm thick. Samples were pressed at a pressure of 
100 MPa using isopropyl alcohol as a lubricant. The sample were sintered in air at 
temperatures of up to 1550°C. The theoretical density of SrTiO3 was achieved with a 
1400°C sinter; however, the highest density for NiO was only about 80% of the 
theoretical. This kept the density of the composite material at about 85% of the 
theoretical. The density is likely to improve with hot pressing.  
 Figure 3.7 shows the XRD results for the composite material compared with 
single phase SrTiO3 and NiO after sintering at 1550°C. The composite shows evidence 
of only two phases, SrTiO3 perovskite and NiO rocksalt structures, with lattice 
constants unchanged from those of the individual SrTiO3 and NiO samples. This is 
evidence that NiO and SrTiO3 are compatible and non-reacting. 
3.3 FTIR measurements of SrTiO3 and NiO in the far-infrared 
 Fourier transform in the infrared (FTIR) spectroscopy measurements have been 
completed on samples by Mark Lee at Sandia National Labs. This technique was a 
reflection technique that converts time domain data into frequency response in the far-
infrared. This system did not exhibit a high enough signal-to-noise ratio to measure 
thin film samples, but resonances measured for bulk ceramics.  
 Figure 3.8 shows the FTIR results for the pressed powder composite sample 
sintered at 1400°C. The sharp kink in the reflectivity at about 175 cm-1 is thought to be 
due to a twisting of the Ti-O bonds [122-123]. It is undetermined whether or not that 
peak can be systematically shifted to lower frequency – if so, it might prove useful for 
achieving a negative index in this system. The peak of interest in this discussion is the   
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Figure 3.7: XRD results for pressed powder SrTiO3/NiO composite. Composite was 
50 atomic % and was sintered at 1550°C. Composite is made up of only perovskite 
SrTiO3 and rocksalt NiO phases. 
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Figure 3.8: FTIR results for SrTiO3/NiO ceramic. The SrTiO3 dipolar resonance can 
be seen around 100 cm-1. The NiO AFMR signal (inset) is smaller at around 35 cm-1 
and is difficult to resolve in the composite material.
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broad peak visible at about 100 cm-1, which has been shown to shift with temperature 
and doping (Chapter 1). The other small peaks throughout the frequency range are due 
to residual water vapor in the measurement chamber. The NiO AFMR cannot be 
identified in the composite sample due to the low signal-to-noise ratio at low 
wavenumbers. The inset shows the FTIR reflectivity of the pure NiO sample for 
comparison, with a resonance peak visible at about 36 cm-1 as expected. The weak 
signal has been attributed to the poor density and rough surface achieved in the 
pressed ceramic. Improvement of the NiO density and surface of the sample should 
significantly improve this signal. These data show that the polycrystalline samples 
exhibit strong resonance.  
In theory, this bulk ceramic could be used to achieve a negative index of refraction – 
however, improvement of the NiO density is required to improve the material 
response. It would also be beneficial to gain the signal-to-noise ratio needed to 
measure the response of a thin film heterostructure. This might be possible through 
use of polarized radiation [124] or through high-intensity sources such as 
synchrotrons. Thicker heterostructures might also aid in the signal to noise ratio. It is 
uncertain how thick the heterostructures or how many layers can be grown before 
crystal quality degrades to an unusable manner. 
3.4 Terahertz Time Domain Spectroscopy 
 Terahertz time domain spectroscopy (TDS) has been attempted on the various 
materials designed for a negative index of refraction in the far infrared. THz TDS 
measures the electric field of an electromagnetic pulse with resolution in the 
picoseconds. Taking the Fourier transform of the measured signal in the time domain 
results in a power signal as a function of frequency. By sending a well-known signal 
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pulse that contains a range of frequencies through a sample, one can learn information 
about the material response by looking at the transmitted pulse.  
 THz TDS has been used successfully to measure the NiO AFMR. Figure 3.9 
shows the electric field of the pulse signal in the time domain. It can be seen that the 
pulse signal has a time scale of about a picosecond – i.e. about a 1 THz frequency. 
Figure 3.10 shows the complex transmission signals (real and imaginary) of the NiO 
sample. A peak in the imaginary part of the transmission is obvious at the expected 
value of the AFMR at 1 THz. The AFMR can be seen more clearly in Figure 3.11 by 
looking at the transmission power spectrum for NiO. The transmisson clearly drops by 
an order of magnitude at 1 THz. This is a clear measurement of the NiO AFMR. 
 THz TDS measurements were attempted on thin film and bulk ceramic SrTiO3 
as well. In general, the thin films were too thin to be able to have a strong enough 
effect to measure. For thin samples, secondary reflection signals will follow the 
primary signal in a shorter time. This results in a short time scale for which the Fourier 
transform can be done. A shorter time scale means less accuracy in the frequency 
domain. For SrTiO3, the bulk ceramic had a very low transmission of the signal. No 
clean signals of the SrTiO3 resonance have been completed using THz TDS. 
 In order to measure a material response using THz TDS, several aspects must 
be met. First, the sample must be thick enough in order to have a long time scale 
between the initial transmission pulse and any subsequent pulses due to reflections. 
The usable collection time is the time starting with the initial transmission pulse until 
the first pulse that results from reflections in the sample. Second, there must be a 
strong enough transmission through the material in order to measure an accurate 
electric field. For most materials, this results in a need to find the ideal thickness in 
order to balance transmitted electric field strength with usable collection time. For  
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Figure 3.9: Time domain electric field transmission through a NiO ceramic sample 
with a thickness of 4.95mm.  
E
 F
ie
ld
Time (ps)
0
0 20 40
 62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: The complex Fourier transform of the transmitted electric field 
normalized to air. A sharp resonance at 1 THz is obvious in the imaginary part of the 
transmission. 
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Figure 3.11: The absolute value of the normalized Fourier transform of the transmitted 
electric field. A large drop in the absolute transmission can easily be seen at 1 THz.
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highly transparent materials, such as NiO, this does not create a problem. For less 
transparent materials such as SrTiO3, this becomes more difficult or even impossible. 
3.5 Conclusions and the Future 
 A material that has both a negative permittivity and a negative permeability at 
the same frequency will have a negative index of refraction. We have proposed a 
method of obtaining a negative index of refraction in the far-infrared using only 
intrinisic material properties. This involves combining the negative permeability from 
the NiO AFMR with the negative permittivity from the SrTiO3 ionic resonance. We 
expect to be able to shift these resonances to match through doping, changing 
temperature or through applying a magnetic field. 
 Thus far, two methods of fabricating the composite have been devised. The 
first involves an epitaxially grown thin film heterostructure, the second involves small 
phase bulk composite ceramic. Two methods of measuring the terahertz frequency 
response have been attempted. The first is an FTIR technique working in reflection. 
This method has successfully measured the strong reflection signal of SrTiO3 and 
indicated both the soft ionic phonon mode related to ferroelectricity in perovskite 
materials and other high frequency modes. The FTIR technique has also seen a signal 
from the NiO AFMR, however this signal was very weak and could not be seen in the 
composite material due to the strong SrTiO3 response and the high level of noise. The 
second technique was THz TDS. This technique has been able to measure the NiO 
AFMR with high precision. The SrTiO3 dielectric resonance has not been measured to 
date. This is due to the poor transmission of SrTiO3 at these frequencies.  
 In order to achieve and verify a negative index of refraction in the far-infrared, 
several items need to be resolved. First, a method of measuring both the dielectric and 
the magnetic resonance with high precision must be devised. Currently, a reflection 
technique has resulted in a strong signal for the ionic resonance of SrTiO3, but has a 
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week signal for NiO. The transmission THz TDS technique has allowed for a strong 
signal response for the NiO AFMR, but has been unable to measure the SrTiO3 ionic 
resonance. An improved measurement technique or a different material combination is 
needed in order to achieve this.
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CHAPTER 4 
 
IMPROVED CONDUCTIVITY OF ZINC OXIDE THROUGH CODOPING WITH 
INDIUM AND ALUMINUM  
4.1 Introduction 
Transparent conducting oxide (TCO) materials are very important for a variety 
of current and future applications, including flat panel displays, photovoltaics and 
transparent electronics [30,37]. Currently, indium tin oxide (ITO) is the most 
commonly used TCO. ZnO has been studied extensively in recent years [59,61], 
leading to development of ZnO materials that might be able to replace the more 
expensive ITO films. Highly conductive n-type ZnO has been achieved through 
doping with Al [83-104], In [110-115] or Ga[105-109]. However, the electrical 
properties of ZnO are highly dependent on native point defects such as oxygen 
vacancies, zinc intersitials [62-65] and even hydrogen [70-77] which all act as electron 
donors. In order to obtain high conductivity ZnO, these point defects must be 
deliberately induced. In general, the highest conductivity is achieved after annealing in 
reducing conditions (vacuum, inert gases or hydrogen) while annealing in oxidizing 
conditions (typically O2 or air) degrades the conductivity significantly [53,125-128]. 
Reducing anneals are one way to activate dopants and increase the carrier 
concentration. 
 However, it is desirable to achieve high conductivity ZnO without the need for 
high temperature processing or relying on oxygen vacancies or hydrogen as dopants as 
these approaches result in materials with poor electrical stability in air. We propose 
that one method to achieve this might be through codoping with two donors. Zn2+ has 
an ionic radius of 0.074nm while Al3+ has an ionic radius of 0.05 nm and In3+ has 
0.081nm [119]. These large mismatches of -32% for Al3+ and +9% for In3+ can lead to 
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large strain in the lattice. We anticipated that codoping with both Al3+ and In3+ should 
allow for higher total dopant solubility and activation along with improved crystal 
quality even for low temperature depositions without the need for high temperature 
annealing. This could enable applications with a low thermal budget, such as TCO 
films deposited on polymer substrates or films. We used a composition spread 
technique to systematically study the effect of codoping ZnO with Al and In. Materials 
with a wide range of compositions were deposited in a single experiment, i.e., under 
identical conditions, which facilitates a robust comparison of composition-dependent 
properties. 
4.2 Experimental Details 
In order to systematically study the effects of codoping ZnO, we prepared 
composition spreads using off-axis reactive radio frequency (rf) sputtering as 
described previously [28]. In this technique, thin films are deposited by cosputtering 
with two or more independent magnetron sputtering guns located 90° to each other 
and 90° to the substrate. This results in a composition spread that has a variation of 
composition on a single 2 to 3 inch diameter substrate. Using this technique, we 
deposited three ZnO films on Corning D-263 glass. One film was Al-doped only, one 
In-doped only and the third was doped with both Al and In. The combinatorial 
technique allowed for a doping range of 1-7 atomic percent for each cation dopant. 
The films were deposited using 2-inch diameter metal Zn, Al and In targets in 2.4 
mtorr O2 and 27.6 mtorr Ar. The Zn, Al, and In targets were powered by independent 
rf supplies (200W-Zn, 100W-Al, 20W-In) to achieve the desired composition range on 
the substrates. The films thickness ranged from 200 to 500 nm on each substrate. No 
systematic effect of thickness was observed. The films were deposited with a substrate 
temperature of 250°C in a system with a base pressure of 2×10-6 torr. It should be 
noted that the process parameters were chosen such that an undoped ZnO film is 
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insulating. Compositions were verified through energy dispersive x-ray spectroscopy 
(EDS). Electrical properties were measured using Hall measurements in the van der 
Pauw configuration. In order to decrease the effect of composition and thickness 
variation on a sample hall measurements samples were cut in to 5 mm squares. 
Measurements on unpatterned squares were compared with those obtained on samples 
scribed with a smaller clover leaf pattern. The two measurements were consistent 
within about 10% which confirms that the small inhomogeneity in a single sample had 
little impact on the electrical measurements. X-ray diffraction (XRD) data was taken 
using a Bruker AXS system with a General Area Detector Diffraction System 
(GADDS). This system allows for quickly viewing several diffraction peaks even for 
highly textured films. All films – all compositions – were found to be >80% 
transparent between wavelengths of 400 – 1000 nm using a calibrated 
spectrophotometer. This is excellent for such thick films (>200 nm). 
4.3 Results and Discussion 
 The measured electrical properties are summarized in Figure 4.1 as a function 
of composition. Data for the pseudobinary Zn1-xAlxOy sample are presented on the 
ZnO-AlO1.5 tie line and data for the Zn1-xInxOy sample are presented on the ZnO-
InO1.5 tie line. These data are also included as a xy scatter plot in Figure 4.2 for clarity. 
The contours represent our interpretation of the underlying trends and are consistent 
with the raw data. In Figure 4.1a, it can be seen that there is a maximum in the 
conductivity around 1.5% Al for the sample with only Al doping. Above this level, the 
conductivity drops due to a decrease in the mobility while the carrier concentration is 
approximately constant as seen in Figure 4.1b and 4.1c. That is, Al incorporation 
above ~1.5% is electrically inactive as a dopant. For the In doped sample, the 
conductivity continues to increase slowly with indium content for the entire range.  
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Figure 4.1: The electrical properties of ZnO composition spreads. Data obtained from 
the Zn1-xAlxOy and the Zn1-xIn xOy samples are plotted on the ZnO-AlO1.5 and ZnO-
InO1.5 tie lines. The conductivity (Ω
-1cm-1) ,carrier concentration (cm-3) and mobility 
(cm2/Vs) are plotted in the conventional ternary composition diagrams (a), (b), and (c), 
respectively. Isopleth contours have been added to show the authors’ interpretation of 
the trends. 
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Figure 4.2: Conductivity of ZnO doped with Al, In and codoped with both Al and In 
as a function of dopant concentration. The conductivities appear to plateau by 1.5% 
for Al doped and 4% for the In doped or codoped. The codoped samples have higher 
conductivities than either Al or In doping alone.
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Although there are some reports of Al solubility as high as 4% [96], these trends agree 
well with the literature [83-104]. 
 The codoped sample shows improvement in the conductivity compared to 
either singly-doped film. In particular, near the ZnO-AlO1.5 tie line, the conductivity 
increases by a factor of 4 or more with small In additions. For example, for Zn1-xAlxOy 
with x > 0.025, the conductivity has dropped below 4 Ω-1cm-1. When 1% In is added 
the conductivity increases to more than 15 Ω-1cm-1 for Zn0.96Al0.03In0.01Oy and to more 
than 40 Ω-1cm-1 for Zn0.95Al0.04In0.01Oy – an order of magnitude increase. From Figure 
1b and 1c, it can be seen that there is an increase in both mobility and carrier 
concentration with codoping in this range. 
 The optical transmission of several compositions is shown in Figure 4.3. The 
transmission is above 80% from 400 nm – 1000 nm. One can also see the well known 
Burstein-Moss shift of the band gap that results for high carrier concentrations. This 
shift is further shown in the inset of α2 versus energy.  This shift agrees well with the 
electrical data presented.  
 Figure 4.4 shows the XRD scattering intensity versus scattering angle (2θ) for 
a typical film. As is typical for ZnO, this and all of our films were highly c-axis 
textured. The inset shows the GADDS output for the same sample. The area detector 
allows us to sample a wide range of reciprocal space in a single experiment. In order 
to determine whether size compensation plays an important role in the structure of 
ZnO and therefore can be implicated in the electrical properties, the atomic volume 
was examined. Several diffraction peaks were located using the GADDS data and 
precise lattice parameters were calculated using the Cohen technique [120]. Figure 4.5 
shows the change of the volume of the unit cell as a function of composition. Again, 
the xy scatter plot is included in Figure 4.6 for clarity. It can be seen that the volume 
shifts systematically from smaller volume for Al doping to larger values for In doping.  
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Figure 4.3: Optical and near-infrared transmission of representative samples with 
various Al and In doping levels. The transmission is greater than 80% over the range 
350 nm to more than 1000 nm. The arrows show increasing carrier concentration. The 
shift in the plasma edge agrees with the Hall measurements. The Burstein-Moss shift 
can be seen in the plot of α2 (inset) vs. photon energy. 
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Figure 4.4: XRD results for a representative sample. The high level of texture can be 
seen in the standard theta-theta plot. The inset shows the output from the two-
dimensional detector, which allows for quick characterization of diffraction peaks 
(arrows) away from the equatorial plane in a textured film. The scale for the scattering 
angle χ is indicated for the case 2θ=56º. 
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Figure 4.5: The change in the atomic volume as a function of composition. Data 
obtained on the Zn1-xAlxOy and the Zn1-xInxOy samples are plotted on the ZnO-AlO1.5 
and ZnO-InO1.5 tie lines. The “0” contour represents calculated compositions that 
should yield no change from the atomic volume of undoped ZnO. 
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Figure 4.6: The volume of the unit cell of ZnO doped with Al, In and codoped with 
both Al and In as a function of dopant concentration. Doping with In increases the unit 
cell volume linearly while doping with Al decreases the unit cell volume linearly. 
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As expected from their relative ionic radii compared to Zn, Al has a much greater 
effect than In. It is also expected that there should be a line at which one would expect 
the cell volume to remain the same as pure ZnO due to dopant size compensation. In 
the simplest model, ( ) ( ) InInZnAlAlZn XrrXrrV −+−=∆ where rIn and rAl are the ionic 
radii stated above. The locus of concentrations for which ∆V = 0 forms a line as 
indicated on the ternary plot. Codoping clearly has a strong effect on the local 
structure in the lattice.  
 It has been shown that there is a structural and electrical effect on ZnO from 
codoping. In comparing Figure 4.1 with Figure 4.5, it can be seen that the conductivity 
of Al doped ZnO reaches a maximum at about 1.5% Al for our films. This results in 
about 0.5 – 0.6% compression in the lattice volume. Above this level, the carrier 
concentration no longer increases much and the mobility decreases, which is 
consistent with a model in which Al no longer occupied substitutional sites but instead 
precipitates out in nanocrystals of Al2O3. By also adding the larger In
3+, more Al3+ can 
be incorporated without exceeding the critical 0.5 – 0.6% strain level. It can be seen 
that the carrier concentration increases along the isochoric line of about 0.5-0.6% 
strain. The mobility is improved by keeping the lattice volume closer to that of pure 
ZnO – we interpret this as reflecting the absence of scattering by long range strain-
induced inhomogeneity.   
4.4 Conclusions 
 We have demonstrated a dramatic improvement in the electrical properties of 
ZnO with codoping. It should be noted that the conductivity in the subject films are 
lower than the highest reported in the literature, but we point out that our films are 
intentionally deposited under conditions that are not optimal for high conductivity: the 
films were deposited at a modest substrate temperature and with relatively high 
oxygen content during deposition. The oxygen content was deliberately kept high in 
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order to minimize the variation in oxygen content across the substrate due to variation 
in deposition rate. Pure ZnO deposited with these process parameters results in an 
insulating film. A large increase in conductivity would be obtained, at even lower 
substrate temperature, by specifically optimizing the deposition parameters (deposition 
rate, energetic particle bombardment, oxygen fugacity). 
 This work shows that codoping ZnO with Al and In significantly improves the 
electrical properties of ZnO with no degradation of the optical properties. In particular, 
by adding a small amount of In into Al-doped ZnO, we find decreased compression in 
the lattice volume associated with Al substitution. This allows a higher level of dopant 
activation as well as improved mobility. With process optimization, codoping could 
lead to high conductivity ZnO with low deposition temperature and without the need 
for high temperature annealing or addition of hydrogen. Codoping could lead to an 
increased viability of ZnO as a replacement of the expensive ITO. The amount of In 
used in this scenario is an order of magnitude smaller than the amount used in ITO. 
ZnO-based transparent conductors are prone to degradation during processing in air; 
the improvements in robustness associated with codoped films are the subject of 
current investigation. 
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CHAPTER 5 
 
THERMAL STABILITY OF CODOPED ZINC OXIDE  
5.1 Introduction 
 ZnO has been identified as a possible replacement for ITO for many high-end 
applications such as flat panel displays. However, there are still significant issues that 
must be addressed in order for ZnO to actually replace ITO. For FPDs, the transparent 
electrode must be made very thin in order to keep the device uniform over large-scale 
areas. This results in a strong need for higher conductivities to improve device 
performance. Also, the electrical properties of ZnO thin films do not tend to be stable 
at the high temperatures needed in subsequent processing of these devices. The 
previous chapter discusses how codoping might improve the conductivity of ZnO. The 
effect of codoping on the thermal stability will be studied here. 
 The electrical properties of ZnO have been known to change substantially by 
annealing in various environments. Annealing in oxygen, nitrogen, hydrogen, air, and 
other environments have been shown to have large effects on the electrical properties 
of ZnO. This is due to the high correlation between the electrical properties with point 
defects, such as zinc and oxygen vacancies and interstitials. It has long been thought 
that zinc interstials or oxygen vacancies are the leading source of donors in undoped 
ZnO and still play a large role in the extrinsically doped ZnO as well. Also, 
compensating defects such as oxygen interstials also affect the electrical properties. It 
has traditionally been thought that annealing in oxygen or air decreases the n-type 
oxygen vacancies or zinc interstitials and might introduce compensating oxygen 
vacancies. Reducing anneals, such as annealing in H2, have been used to eliminate 
oxygen interstitials and possibly add oxygen vacancies. More recent experiments have 
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shown that hydrogen itself acts as a donor in ZnO and is often a significant source of 
carriers in n-type ZnO.   
 Using optimized processing, it has been possible to achieve ZnO with 
conductivities of greater than 104 Ω-1cm-1. This processing almost always involve 
reducing anneals such as in hydrogen. The electrical properties of these materials tend 
to degrade rapidly when annealed in air or other oxygen or even nitrogen atmospheres. 
This has been true for ZnO doped with Al, Ga, and In as well. This lack of thermal 
stability becomes even more problematic for thinner films, which are required for 
many applications that require a great deal of patterning such as flat panel displays. It 
is desirable to devise a method to improve on the thermal stability of ZnO. One 
possible method is through the use of codoping. 
5.2 Thermal Stability in Air 
 The first and easiest anneal study is to heat the samples in air to a moderate 
temperature. This has been done to the samples presented in Chapter 4. These samples 
were heated in air at a temperature of 150 ºC for 1 hour. The conductivities of these 
films have been plotted in Figure 5.1 as a function of composition. It can be seen that 
best conductivities are located on the ZnO: In tie line. The ZnO: Al sample shows 
particularly poor conductivity. For the Al doped sample, the best conductivity was 
obtained in the sample with the least Al concentration (1.5% Al); the conductivity 
decreases rapidly with increased Al content. This is not surprising, since Al2O3 
precipitates are thought to form at doping levels above this amount, which will 
decrease the mobility. A second likely reason for the decrease in conductivity above 
this amount is that Al collects at the grain boundaries, increasing the grain boundary 
scattering.  
 The second annealing study was to anneal the same samples in a modest 
vacuum of 1 × 10-6 torr at 300 ºC for 1 hour. The electrical data after annealing in  
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Figure 5.1 Conductivity of (Al,In): ZnO composition spread after annealing in air at 
150 °C for 1 hour. The In side appears much more stable than the Al side. A small 
amount of In greatly increases the conductivity of highly doped Al: ZnO.
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vacuum is plotted in Figure 5.2. From Figure 5.2a, it can be seen that the conductivity 
as a function of composition has a similar trend to the as deposited case in Chapter 4. 
The best conductivity for the Al doped sample is again at 1.5%. The trend for the In 
doped sample is less obvious. The codoped sample shows a clear trend that shows 
high conductivity along the 1% In content isopleth that increases with increased Al 
content. It is particularly interesting to note that the carrier concentration is higher for 
areas of high Al content, while the mobility is greatest for high In. The codoped 
sample shows carrier concentrations that are higher than for the In doped sample along 
with mobilities that are much higher than for Al doping. In a sense, the codoped 
sample combines the advantageous behavior associated with each dopant.  
 In order to further examine this data, cross sections of the data are cut at 3, 4 
and 5% total dopant. This corresponds to data for Zn0.97Aly-xInx O, where y = 0.03 for 
the 3% cross section. The data has been plotted as a function of the In content y. For 
comparison, the as deposited data has been plotted along with data from both anneals, 
air and vacuum. Figure 5.3 shows the electrical properties for the 3% cross section. 
For the dopant amount, there is a steady trend that shows that the conductivity 
increases with In content. It can be seen that this increase in conductivity is mostly due 
to an increase in the mobility. It is well known that the mobility of Al doped ZnO 
decreases rapidly when the Al concentration is above the solubility limit due to 
precipitates causing increased scattering [84].   
 Figure 5.4 shows the electrical properties for the 4% cross section again plotted 
as a function of In content. For this data, it can be seen that there is a decrease in 
resistivity when adding a small amount of In to the Al doped only sample. This is true 
for both the as deposited and the air annealed data. There also seems to be a decrease 
in resistivity until a minimum at around 2% In content, at which time, the resistivity 
increases slightly for the higher In content. From Figure 5.4 b and c, one can see that  
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Figure 5.2 Electrical properties of the (Al,In): ZnO composition spread after annealing 
at 5 × 10-6 torr at 300°C for 1 hour. The (a) conductivity, (b) carrier concentration, and 
(c) mobility were all obtained from Hall measurements using the van der Pauw 
technique. 
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Figure 5.3: The electrical properties as deposited, after annealing in air and after 
annealing in vacuum for samples with total dopant (XAl + XIn) equal to 3%. 
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Figure 5.4: The electrical properties as deposited, after annealing in air and after 
annealing in vacuum for samples with total dopant (XAl + XIn) equal to 4%. 
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Figure 5.5: The electrical properties as deposited, after annealing in air and after 
annealing in vacuum for samples with total dopant (XAl + XIn) equal to 5%.
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the improvement in resistivity is due to both an improvement in the mobility and the 
carrier concentration. For the Al doped sample, the Hall voltage was too small to 
measure resulting from poor conductivity and low Hall mobility. In examining the 
data further, it can be seen that the carrier concentration was very stable after 
annealing for 2% and higher In. The mobility seems to increase consistently with 
increased In content. When annealed in vacuum, the carrier concentration increases 
with high Al content while the mobility increases with added In content. This results 
in the minimum that is seen around 1% In content. At this level, the carrier 
concentration remains high and the mobility has increased dramatically over the Al 
only doped sample.  
 Figure 5.5 shows the electrical properties for the 5% cross section plotted as a 
function of In content. Again, there is a significant decrease in the resisitivity when 
adding 1% In. This is true for both the as deposited and the air annealed data. Again, 
there is an increase in mobility that occurs with added In. The vacuum anneal again 
greatly improves the electrical properties. After vacuum anneal, the carrier 
concentration improves with higher Al content while the mobility improves with 
added In.  
 From Figures 5.3 through 5.5, it can be seen that adding 1% In improves the 
conductivity of ZnO. In order to further examine the role of Al with 1% In doping, the 
electrical properties of ZnO doped with 1% In are plotted as a function of the atomic 
fraction of Al in Figure 5.6. The mobility and carrier concentration after air annealing 
have not been included. The conductivity before and after annealing increases with 
increased Al content. The trend appears similar to the Al only case with a significant 
increase in conductivity from 1% to 1.8% with a continual, but less increase above this 
amount. The mobility follows a similar trend with a decrease in mobility occurring 
above 4.5% Al content. This 4.5% is 3 times the Al content for the maximum mobility  
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Figure 5.6 Electrical properties of the (Al,In): ZnO composition spread as deposited, 
after annealing at 150ºC in air and after annealing at 5 × 10-6 torr at 300°C for 1 hour 
for all data with an In content of 1% (XIn = 0.01). The (a) conductivity, (b) carrier 
concentration, and (c) mobility were all obtained from Hall measurements using the 
van der Pauw technique.
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for the Al only doped sample. Over the entire range, the carrier concentration 
continues to increase with Al content; In particular, by increasing the Al content by 6 
times (1% to 6%), the carrier concentration increased by almost 6 times (0.45 ×1020 to 
2.7 × 1020). Comparing Figure 5.6 with Figure 4.1 supports that adding 1% In to Al 
doped ZnO improves the solubility of Al. By adding 1% In, the amount of Al that can 
be added before a decrease in mobility occurs increases from 1.5% to 4.5%.  
 In general, the annealing data for this composition spread shows several trends. 
First, the data suggests that for Al doped ZnO, the best conductivity occurs at 1.5% Al   
content. Above this amount, the carrier concentration levels off and the mobility drops 
substantially. This is true for as deposited and after annealing in air or vacuum. This 
suggests that the solubility of Al in the given films is about 1.5% and that above this 
level, Al is no longer activated; either precipitates of Al2O3 form or some other 
complex forms, which causes scattering and degrades the mobility. For In doped ZnO, 
the conductivity improves with added In for the entire range. The carrier concentration 
does not improve significantly with added In, which suggests that non-activated In 
precipitates do not degrade the mobility in a way similar to Al2O3. In doping also 
shows much greater electrical stability in air than for Al doping.   
 The codoped sample seems to follow from the above trends. Al doping tends to 
result in high carrier concentrations with the strong possibility of degraded mobility. 
In doping tends to have higher mobility with lower carrier concentration. Codoping 
seems to suggest that adding a small amount of In to highly Al doped ZnO results in 
improved mobility and high carrier concentration. For the as deposited film, codoping 
improved both the carrier concentration and the mobility substantially, resulting in 
much improved conductivity for the codoped film. After annealing in air, a small 
amount of In greatly improved the conductivity of Al doped ZnO. Although the 
conductivity of the codoped film was lower than for In only doped ZnO, codoping  
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does improve the stability of Al doped ZnO and might be used for applications in 
which cost is an issue – 1% In is much better than 3 or 4%. 
5.3Codoping and Hydrogen Annealing 
 Typically, ZnO films used for high conductivity applications are annealed in 
reducing gases, particularly H2. Some of the samples from the composition spread 
have been annealed in 6% H2/Ar at 300 ºC for 1 hour. All samples showed greatly 
improved conductivity with mobilities around 10 cm2/V.sec and carrier concentrations 
above 1020 cm-3. For these samples, the conductivity showed a strong dependence on 
thickness with the thinnest films showing the best conductivities. We interpret this to 
result from the shorter distance for H2 to travel. This trend might also result from the 
thinner films having a different grain boundary structure. Trends with respect to 
composition were difficult to determine. In order to get around this thickness 
variation, 4 samples were chosen that had similar thickness. The thicknesses of the 
four samples were 200 +/- 20 nm. All four samples had resistivities of about 1 × 10-3 
Ω-cm. The four samples had Al/In compositions of 1.8%/0%, 0%/3.1%, 1.9%/2.1% 
and 1.6%/1.0%. The fact that the resistivities after annealing in H2 depended strongly 
on thickness and not on composition supports the suggestion that hydrogen acts as an 
electron donor. 
 In order to determine if codoping improves the stability of highly conductive 
films that have been annealed in a common reducing gas, the four samples were 
subsequently annealed in air at increasing temperatures for 1 hour each temperature. 
The temperature of the anneal as a function of time is shown in Figure 5.7. The 
electrical properties of the four samples were measured during the anneal using a “half 
van der Pauw” approach as in the inset of Figure 5.7. For uniform samples, the 
measured voltage is exactly proportional to the resistivity of the film. Figure 5.8 shows 
the measured voltage as a function of time for one of the four samples. For the short  
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Figure 5.7: Temperature as a function of time for annealing in air after annealin in 6% 
H2 at 300°C. Temperatures were held constant for 1 hour increments. The inset shows 
a schematic of the “half van der Pauw” technique used for in situ electrical 
measurements. 
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Figure 5.8: The measured voltage of a sample as a function of time using the 
experiment shown in Figure 5.7. The voltage change with time appears to be linear on 
this time scale.
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time of 1 hour at these modest temperatures, the change in voltage with time is linear 
indicating incomplete diffusion or activation of the dopant.. In order to quantify the 
empirical stability of these films, the slope of these voltage curves with respect to time 
is plotted as a function of temperature in Figure 5.9. The voltage has been divided by 
the current in order to gain a more meaningful value of resistance. It is obvious that 
the Al doped film has very poor stability when compared to the other films. 
Surprisingly, both codoped samples have very similar curves that are much lower than 
that for even the In doped sample.  
 The data from Figure 5.9 suggests that codoped ZnO that has been annealed in 
hydrogen is more stable than Al or In only doped ZnO. This could be due to improved 
atomic structure. The crystal grain size might be larger in these films due to the 
lessened strain. This would result in fewer grain boundaries that act as high diffusivity 
paths for hydrogen or oxygen. This hypothesis has not been verified. The XRD 
equipment used does not have the resolution needed in order to determine grain size 
accurately. 
5.4 Combinatorial Codoping Using On-Axis Sputtering 
 In order to further study the effects of codoping, a second combinatorial 
technique has been used. This second technique uses an on-axis 4-inch sputter source 
with a ZnO target. A pulsed DC power supply with a frequency of 250 Hz and a 
power of 350 W was used to get a near uniform ZnO layer on a 5 cm substrate. Al and 
In were introduced using 2 inch 90º off-axis sputter sources. This technique can be 
used to deposit a composition spread that has near uniform thickness with a near 
constant total dopant concentration (Al +In). The composition as a function location 
on substrate for a Zn0.97AlxInyO sample, with x + y =0.03 is shown in Figure 5.10. A 
second sample was also successfully deposited for Zn0.96AlxIny O sample, with x + y 
=0.04. It was determined to be difficult to achieve well-controlled compositions for Al  
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Figure 5.9: The change in resistance with time (slope from Figure 5.8) as a function of 
temperature for four doped ZnO samples. Both codoped samples were found to be 
more stable than Al or In doped samles. However, there is still a significant increase in 
resistance for even codoped samples at low temperatures. 
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Figure 5.10: The Al, In and Zn concentration for a sample with a target Zn 
concentration of 97% (3% total dopant). There is a reasonably low variation in the Zn 
concentration and the general trend of increased Al:In ratio can be seen.
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or In below about 1% for this technique due to the high ZnO deposition rate and the 
low Al or In rates needed.  The XRD data showed that these samples were not highly 
textured as is typical for thin films – particularly films with hexagonal crystal 
structures. The system shows  no measurable variation in the crystal quality as 
measured with the GADDS system. The lattice constants again increased with 
increased In concentration – decreased with increased Al concentration. 
 The substrates used were strips of Corning E-2000 that were 50 mm long and 5 
mm wide. The resistivity after annealing in 6% H2 in Ar for 1 hour at 300°C as a 
function of In content is shown for each sample in Figure 5.11. It can be seen that both 
samples have a trend that shows improved resistivity as a function of In content. The 
sample with higher total content shows improved resistivity. This suggests that the Al 
is indeed playing some role in improving the electrical properties as well. 
Unfortunately, the end members for these samples have not been achieved on the 
sample.  
 In order to study the stability of the electrical properties of these materials, 
contacts were made on the sample in a line as in Figure 5.12. The contact to contact 
distance was 5 mm. Robust contacts were made using a silver epoxy and verified by 
verifying that the voltage at each contact as a function of current is linear. A current 
was applied between the end contacts and voltages at each contact were measured. 
The electrical measurement could be measured during high temperature annealing. 
This measurement mimics a standard four-point probe measurement. The voltage 
between two contacts is then proportional to the resistivity of the film between those 
contacts.  
 The samples were then annealed in air at 100 °C, 150 °C and 200 °C, cooling 
to room temperature between each anneal. The contact to contact voltage at room   
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Figure 5.11: The resistivity as a function of In concentration for a sample with 3% 
total dopant and 4% total dopant after annealing in 6% H2 in Ar. Both samples trend 
toward improved resistivity with greater In concentration. The 4% sample shows 
improved resistivity over the 3% sample suggesting that Al does improve the electrical 
properties. The end members (pure Al or In) were not achieved on these samples. 
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Figure 5.12: Schematic of experimental electrical technique for in situ high 
temperature anneals. A current is applied between the edge contacts while the voltages 
are measured at each inner contact. This technique mimics a standard linear four-point 
probe technique.
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Figure 5.13: The measured voltage (proportional to resistivity) as a function of the 
atomic fraction of In after H2 anneal and three temperatures in air for the 3 percent 
total dopant sample. 
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Figure 5.14: The measured voltage (proportional to resistivity) as a function of the 
atomic fraction of In after H2 anneal and three temperatures in air for the 4 percent 
total dopant sample.
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temperature following each anneal is plotted as a function In concentration for each 
sample in Figure 5.13 and Figure 5.14. For these samples, the trend of improved 
resistivity with higher In content remains after annealing in air. For the 3% total 
dopant film, the electrical properties again show a trend of being more stable with 
increased In content. For this sample, the area with only 0.6% In also appears to be 
very stable. It is unclear why this is. This value does correspond to the area of greatest 
improvement in the electrical properties in the first composition spreads. For the 4% 
total dopant sample, the stability does not seem to be improved with increased In 
concentration. The increase in resistivity appears to be roughly the same over the 
entire sample. 
5.5 Conclusions 
 The effect of Al and In doping on the electrical stability of ZnO has been 
studied using combinatorial techniques. The effect of annealing in air, vacuum and 
hydrogen has been systematically studied. It has been found that In doped ZnO has 
much more stable electrical properties at high temperature in air than Al doped ZnO. 
For codoping, increasing the concentration of In was found to increase the mobility, 
however, having a high Al concentration results in higher carrier concentrations. 
Annealing the samples in hydrogen resulted in much improved conductivities. 
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CHAPTER 6 
 
DENSITY FUNCTIONAL THEORY OF CODOPED ZINC OXIDE  
6.1 Introduction 
 Density functional theory (DFT) has become a common method to calculate 
the electronic structure of many condensed matter systems [129]. DFT is a quantum 
mechanical approach to calculating electronic properties that is based on the 
Hohenbberg-Kohn theorem [130] and the Kohn-Sham equations [131]. These 
theorems state that the ground state of a many-electron system depends only on 
functionals of the electron density. This results in the ground state depending on the 
electron density that has only three spatial coordinates instead of the many-body 
wavefunction for N electrons with 3N spatial coordinates. This greatly decreases the 
computational power needed to calculate the electronic ground state of many systems. 
This theory and subsequent approximations, along with increased computer speed, has 
led to a huge increase in the number of condensed matter systems being studied using 
a first-principle approach. 
 The calculations presented here were completed using the local density 
approximation (LDA). This approximation assumes that the functionals depend only 
on the spatical coordinates where the functional is being evaluated. This 
approximation is commonly used and is fairly robust. However, LDA fails to describe 
systems with localized d and f electrons, leading to errors in electron energies. Most 
often this error results in underestimation of energy band gaps. Often, this is partially 
corrected by adding a intra-atomic charge to the atomic system. This technique is 
typically coined LDA+U. There is still some debate as to the most accurate method to 
determine the correct U term to add to the system. 
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 The calculations have been completed using the Vienna ab-initio simulation 
package (VASP). VASP performs DFT type molecular dynamics simulations using 
pseudopotentials or the projector-augmented plane wave method and a plane wave 
basis set. Here we use the highly accurate projector-augmented plane-wave method. 
Using this method, one defines the starting lattice geometry and ionic placement. 
VASP uses period boundary conditions; therefore, supercells must be used to control 
the concentration of any defect to be studied. The number and location of k-points and 
the pseudopotentials or projectors are introduced for the calculation. The final energy 
and structure calculated will depend on both the number of k-points and the cut-off 
energy, which defines the maximum plane wave energy used in the basis set. The 
higher the number of k-points and the higher the cut-off energy, the more converged is 
the calculation. Steps should be made to verify that the energy of the system studied 
has converged to a reasonable accuracy with the cut-off energy and the number of k-
points, as well as system size for defects. 
 Our experimental results suggested that codoping is beneficial over doping 
with a single dopant. DFT has been used to determine if codoping is energetically 
favorable. For various size of supercell, we have calculated the energy, volume and 
DOS for the relaxed cell for various cases. Al, In and Ga have been added as 
substitutional dopants on Zn lattice sites. Codoping has been studied by adding two 
dopants to a single supercell. Various lattice sites have been studied to vary the 
distance between dopants. Both neutral and charged (achieved by removing an 
electron from the system) defects have been studied. The affect of adding an oxygen 
interstitial to an octahedral site has also been studied briefly. 
6.1.1 Energy cut-off and k-point convergence 
 In order to ensure that the DFT calculations are accurate, energy convergence 
with respect to the cut off energy and the number of k-points was calculated. Energy 
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convergence was calculated for a single wurtzite unit cell with 4 total atoms. This unit 
cell contains 2 zinc and 2 oxygen. In order to verify accuracy when adding Al, Ga and 
In, energy convergence was also calculated with one zinc atom replaced by the 
substituting cation.  
 The k-points were chosen using the automatic mesh function incorporated in 
VASP. This mesh creates Γ centered Monkhorst-Pack grids. The number of 
subdivisions along each reciprocal lattice direction are given by: 
 
           (6.1) 
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3
3
3
2
2
2
1
1
1
N
n
b
N
n
b
N
n
bk
rrrr
++=   
1...,0 11 −= Nn    1...,0 22 −= Nn    1...,0 33 −= Nn            (6.2) 
Convergence then just depends on the term l. The calculation becomes more accurate 
with more k-points. Figure 6.1 shows the energy convergence for Zn2O2, AlZnO2, 
InZnO2 and GaZnO2 as a function of the mesh length l. The cut off energy for this 
convergence was 425 eV. It can be seen that the energy has converged to less than 1 
meV/atom with l = 20.  
 The convergence for the cut-off energy is shown in Figure 6.2. The 
convergence was calculated with a k-point mesh length l of 30. The energy has 
converged to less than 1 meV/atom with a cut-off energy of 500 eV. This is 
significantly larger than the default value from any of the pseudopotential files, the 
greatest of which is 282eV. The standard energy cut-off and k-point mesh length for 
the remainder of the calculations have been chosen to be 500 eV and 20 respectively. 
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Figure 6.1: Energy conversion with number of k-point for calculations of desired 
materials with a cut-off energy of 425 eV and 4 atoms per unit cell. The energy has 
converged to less than 1 meV/atom with l=20.  
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Figure 6.2: Energy conversion with the cut-off energy for calculations of desired 
materials with l=25 for k-points and 4 atoms per unit cell. The energy has converged 
to less than 1 meV/atom with cut-off energy of 500 eV.
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6.2 Energy Calculations 
6.2.1 LDA Calculations of Codoped ZnO 
 DFT calculations were done to study the effect of codoping on the energy of 
ZnO. The experimental structure of ZnO is wurtzite, which has 2 zinc atoms and 2 
oxygen per unit cell. In order to calculate the effect of doping at reasonable doping 
concentrations, a 3x3x2 supercell size was used for all calculations. This results in 36 
zinc ions and substitutional dopant concentration of 2.78% or a single dopant or 5.56% 
for two dopants in a supercell. These concentrations correspond to the experimental 
data obtained for codoping ZnO. The ground state energy was calculated for the fully 
relaxed structure for ZnO with a single Al or In, two Al, two In and with both one Al 
and one In. For the cases with two dopants, calculations were completed with various 
configurations that correspond to increased distance between the dopants.  
 In order to determine if dopants tend to conglomerate within the lattice, the 
change in energy with increased distance for a volume relaxed cell is calculated and 
plotted in Figure 6.3. The energy difference is the difference in energy of a system 
with a cation spacing relative to the energy of the system with nearest neighbor 
distance for cations. The infinite distance values are taken from the single dopant case. 
Figure 6.3 shows that it is energetically expensive to bring the dopant ions together. In 
general, the energy decreases by 100 to 300meV when the dopants are not nearest 
neighbors. The energy does not change substantially for distances of 4.5 Å to 8 Å due 
to the supercell method resulting in a second defect – defect distance that decreases 
while this distance increases. It is not surprising that Al-Al or In-In tend to repel due to 
size constraints, however, this can not be driving force due to the fact that Al-In repel 
with a similar driving force. 
The effect of distance between dopants can also be examined by plotting the 
formation energy of a single dopant as a function of concentration. For this case, a  
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Figure 6.3: The change in energy with distance between dopant atoms relative to the 
nearest neighbor location. There is a strong repulsion between dopants. 
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single Al, In or Ga was added to supercells of different size. For a larger supercell, the 
distance between dopant ions increases. The formation energy change as a function of 
one over the distance between dopant ions is plotted in Figure 6.4. The data has been 
normalized to the smallest supercell size. It can be seen that the energy drops by more 
than 0.5eV when increasing the distance from 6 Å to 13 Å. The difference in Al, In 
and Ga can be partially explained by looking at the Bader charge. The Bader charge is 
a method of determining the charge associated with a given ion by finding maximums 
and minimums in the charge density function. For example, the Zn pseudopotential 
has 12 valance electrons. In a perfect ZnO wurtzite lattice, a Zn ion has a charge of 
10.78. This means that the Zn ion has an effective charge of +1.22. For a single 
substitutional dopant in a 3x3x2 supercell, Al has a charge of +2.42, Ga of +1.76 and 
In of +1.70. The change in energy is plotted as a function of the effective charge over 
the distance in Figure 6.5. Although, the fit is relatively poor, a linear fit is added for 
each dopant type. It can be seen that the slope of each fit is approximately equal. The 
data do not line up exactly due to the fact that the energy is normalized to the smallest 
supercell size (large 1/r). This causes a shift in the curve proportional to the difference 
in charge between dopants. The constant slope between each dopant type suggests that 
the energy repulsive force is indeed close to coulombic, with the nonlinearity due to 
uncertainty in the calculations or the fact that the repulsion is screened. Al has the 
largest repulsive force while In has a smaller repulsive force. This data suggests that 
the charge repulsion is likely to have a stronger effect than pure size consideration as 
hypothesized.  
In order to determine if size compensation still plays a role in determining the 
energetics of codoped ZnO, the energy as a function distance is compared for the 
following formula: 
 36343634236342 )(
2
1
OAlInZnOZnInOZnAl ⇔+     (6.3) 
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Figure 6.4: The change in formation energy with supercell size. The data is plotted as 
a function of one over distance between dopants due to periodic boundary conditions. 
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Figure 6.5: The change in formation energy versus one over the distance scaled by the 
effect charge (Zeff) for Al, In, and Ga. A linear fit for each dopant type results in lines 
of similar slope. The difference in intercepts results from the normalization of the 
energy to the smallest distance (large 1/r).
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Figure 6.6 shows the values of the calculated energy for these two energies as a 
function of distance between dopants. It can be seen that the difference in energy for 
each distance is less than 100 meV. The only data point that shows that codoping is 
energetically favorable is the nearest neighbor value.  
6.2.2 LDA+U Calculation of Codoped ZnO 
 DFT with LDA has long been known to underestimate the band-gap of ZnO 
due to the poor representation of Zn d electrons. This can be partially corrected by 
using LDA+U. In order to study codoping with a more realistic ZnO lattice, a U value 
of 4.7eV has been chosen to be added to the Zn ions. This value corresponds to the 
value taken from Janotti et al [73]. This shifts the band gap from about 0.8eV to 1.5 
eV, which is still much lower than the experimental value of about 3.4 eV. LDA+U 
was used to calculate the energy difference from Equation 6.3. When calculating this 
difference, it was found that the nearest neighbor codoped sample had an energy that 
was 0.9eV higher than that for the single dopant case. This does not support the 
hypothesis that codoping is energetically favorable. 
6.3 Volume Calculations of Codoped ZnO 
6.3.1 DFT Volumes compared to experiment 
 The energies of the doped ZnO lattices have been calculated by fully relaxing 
the atomic lattice of the supercell. The relaxed volume of a single unit cell is plotted in 
Figure 6.7 for the neutral Al or In on a Zn lattice site along with the codoped case. The 
volumes of the charged defects are plotted in Figure 6.8. The experimental values 
from Figure 4.6 are repeated in Figure 6.9. The scale of Figures 6.7, 6.8 and 6.9 are 
the same to allow for easy comparison. The values plotted in Figure 6.7 and 6.8 
correspond to calculations using a 3x3x2 supercell using LDA+U. LDA + U was  
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Figure 6.6: The change in energy as a function of distance for the codoped case 
compared to the average of the not codoped case with the same configuration. The 
energy difference is small. The only case that suggests that the codoping is beneficial 
is the nearest neighbor case. 
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Figure 6.7: The calculated volume of a single supercell (3×3×2) as a function of 
dopant concentration for neutral Al, In and the codoped case using LDA+U. The 
volume change is seen to be larger for a neutral In than for a neutral Al.  
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Figure 6.8: The calculated volume of a single supercell (3×3×2) as a function of 
dopant concentration for charged Al, In and the codoped case using LDA+U. The 
volumes were found to be smaller than for the neutral case. 
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Figure 6.9: The volume of the unit cell of ZnO doped with Al, In and codoped with 
both Al and In as a function of dopant concentration. Doping with In increases the unit 
cell volume linearly while doping with Al decreases the unit cell volume linearly.
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found to have improved agreement with experiment over LDA without corrections. 
Calculations were also completed with adding a U term to the In ions. The value for 
this UIn value was determined by using the atomic electron correlation energy energy 
from Janotti et al [73] and dividing by the ZnO dielectric constant. The UIn term had a 
negligible effect on the calculated volume and has not been included in the plot. This 
is also true for the calculated formation energy. 
 It can be seen that there is a significant change in the calculated unit cell 
volume when doping with Al or In. By comparing Figure 6.7 with Figure 6.8, there is 
reasonable agreement with the trend of Al or In doping between computed volumes 
with experimental volumes. The calculations also suggest that In has a large affect on 
the volume, with an increase of more than 2% for 5.56% doping. Al doping is seen to 
have a smaller effect, with only a small decrease in volume even at 5.56% dopant. 
This trend does not correspond with our hypothesis that ionic radius will be the 
leading cause volume changes. If this were true, Al3+ would have a larger effect than 
In3+ due to the larger difference in radius compared to Zn2+ (-30% compared to 
+10%).  
 The larger increase in volume associated with In doping and smaller decrease 
in volume associated with Al doping is likely attributed to the charge effects that are 
seen in the energy calculations. In particular, we found that two charged X3+ ions tend 
to repel each other. The Bader charge for Al3+ was found to be larger than for In3+. 
This charge repulsion would be expected to result in an increase in volume of the unit 
cell. This effect is likely the cause of larger volumes than would be expected simply 
due to ionic radius arguments.  
 This effect is also seen when examining the volume of the charged defects. 
The charged defects are calculated by removing any excess electrons that result from 
doping. This decreases the repulsive charge and compacts the dopant ions. There is 
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obviously a significant decrease in volume of the unit cell when the dopant ions are 
charged. Comparisons between the experimental data and the theoretical data suggest 
that there is some fraction of dopant atoms (Al or In) that are not ionized and do not 
attribute to conduction. This is of course true; the measured carrier concentrations 
suggest that only a fraction of the dopants are actually ionized. 
6.4 DOS for Codoped ZnO 
 DFT calculations also yield an estimate of the density of states (DOS). As 
discussed above, the band gap of ZnO calculated with DFT is known to be 
underestimated. LDA+U improves agreement with experimental values, however it is 
still more than a factor of 2 too small. However, an examination of the calculated DOS 
is meaningful. The integrated DOS are plotted in Figure 6.10 for each doped case 
along with ZnO. The origin of the ordinate corresponds to the top of the valence band. 
It appears from the plot, that the In3+ adds states that are deeper than those of Al3+. The 
codoped sample appears to shift in a manner that is the superposition of the Al3+ and 
In3+.   
 Plotting the formation energy as a function of the Fermi energy can also help 
to determine the location of a defect state in an energy gap. The formation energy for 
an substitutional Al with a charge q is given by: 
ZnAlf
q
ZnAlZnO
f
ZnAl qEEEE µµ −++−= )()(       (6.4) 
The formation energy of the neutral and charged states for Al and In in ZnO are shown 
in Figure 6.11. Both the experimental and the theoretical (LDA+U) band gap are 
shown. It can be seen that both Al+ and In+ are stable until close to the experimental 
band gap. It can be seen that the Al+ to Al0 transition is shallower than the In+ to In0 
transition. This supports the experimental data that shows that Al is easier to ionize 
and results in higher carrier concentrations. 
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Figure 6.10: The integrated DOS for ZnO, ZnO: Al, and ZnO: In. The origin 
corresponds to the top of the valence band. This result suggests that In is a deeper 
donor than Al. 
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Figure 6.11: The formation of the neutral and charged Al and In defects on a Zn lattice 
site as a function of the Fermi energy. The computational (Eg
comp) and experimental 
(Eg
exp) bandgaps are shown. Both charged defects are stable for Fermi energies up to 
near the experimental bandgap. Al is a more shallow donor than In.
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6.5 Doping of ZnO and the Oxygen Interstitial 
 Al and In have both been shown experimentally to be good donors in ZnO. 
However, typically, only a fraction of the dopant is actually ionized. This could be due 
to the Al or In precipitating out as Al2O3 or In2O3 or more likely being trapped at grain 
boundaries or associated with an oxygen interstitial. However, the stability of the 
carriers has been found to be very poor, even at temperatures low enough that should 
not allow significant diffusion of Al or In in the lattice. In order to study whether other 
compensating defects could play a large role, we studied the energetics of an oxygen 
interstitial with doping. The formation energy of an oxygen interstitial has been 
calculated using LDA. The formation energy within a given cell is given by: 
 OO
f
O latticeElatticeElatticeE µ+−= )()()(
0      (6.5) 
Since comparisons between lattices are all that we desire, the chemical potential of 
oxygen is arbitrary and we can set µO = 0. Table 6.1 summarizes the results. 
 
  
Table 6.1: Formation Energy of Oxygen Octahedral Interstial In Various Lattices 
Lattice EO
f
(lattice) 
ZnO +6.16 eV (6.2eV) [117] 
AlZn35O36 +2.12 eV 
InZn35O36 +2.17 eV 
Al2Zn34O36 -6.03 eV 
In2Zn34O36 -5.17 eV 
AlInZn34O36 -5.12 eV 
 
For the calculations, all cation dopant ions were placed with a distance of 
~5.7Angstroms (not nearest neighbors). The oxygen interstitial was placed in the 
octahedral location adjacent to the first dopant. It is obvious that the charge 
compensation that occurs when inserting oxygen is energetically favorable. When two 
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cation dopants are in the lattice, the oxygen interstitial is very energetically favorable. 
Comparisons between Al and In doping individually and codoping are difficult to 
interpret. With a single dopant, formation energy for each case are the same. For two 
dopants, there approximately 0.9eV difference between Al doping and In doping or 
codoping. It is difficult to determine how significant this difference due to the 
magnitudes of the formation energies. Again, the absolute values of these formation 
energies is meaningless without a finite chemical potential term for the added oxygen. 
6.6 Conclusions 
 DFT calculations have been used to study codoping in ZnO. It was found that 
charge considerations greatly influence the structure and energy of the doped ZnO 
system. Bader charge analysis shows that the X3+ cation dopants repel each other in a 
manner that is proportional to the charge associated with the cation. This causes the 
volume of the doped lattice to be larger than one might expect simply due to ionic 
radius considerations. Looking at the charged defects (removing the excess electrons), 
the volume decreases substantially. The volumes calculated through DFT correspond 
well with experimental unit cell volumes if one considers that only a fraction of the 
dopants in the experimental material are activated.  
 Comparisons of the DOS and activation of donors suggests that Al acts as a 
shallower donor than In, which might explain the higher carrier concentrations for Al-
rich ZnO compared to In-rich ZnO for the as deposited and vacuum annealed data. A 
brief study of oxygen interstitials and doping suggests that Al is more likely to accept 
an oxygen interstitial that acts to trap free electrons, causing the material to be 
insulating. 
 In conclusion, some understanding of the difference and interaction of dopants 
in highly doped ZnO has been gained. Calculations have not proven that codoping is 
beneficial over doping with Al or In individually. This study has not, however, been 
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an exhaustive study of codoping. Questions still remain as to how dopants react with 
point defects including oxygen interstitials and hydrogen. Understanding point defects 
is vital in understanding ZnO and its electrical properties.
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CHAPTER 7 
 
CONCLUSIONS  
7.1 Status of a negative index of refraction in the far- infrared 
 A material with a negative index of refraction would be very technologically 
exciting. We have proposed a method of obtaining a negative index of refraction using 
only intrinsic materials properties. Our proposal involves combining a SrTiO3 material 
which has an intrinsic dielectric resonance in the far-infrared with NiO, which has an 
intrinsic antiferromagnetic resonance in the far-infrared. It should be possible to shift 
the resonance frequencies of these materials through doping, temperature or applied 
magnetic field. We have proposed that a composite material of SrTiO3/NiO can be 
fabricated as a thin film or as a bulk ceramic.  
 Fabrication of these composite materials has been completed. Several methods 
of measuring the permittivity and permeability of the composite material have been 
considered. Two of these methods have been used to attempt to measure the 
properties. The first was an FTIR system in reflection. The second was a time domain 
THz spectroscopy method that works in transmission. Neither method has proven 
successful in measuring thin film materials. SrTiO3 materials are easy to measure in 
reflection modes due to a relatively high reflection signal, while NiO is easier to 
measure in transmission due to the very high transmission of THz radiation through 
NiO.  
 In conclusion, a material with a negative index of refraction in the far-infrared 
should be possible using only intrinsic materials properties. In order to do this, a 
combination of materials must be found that have a dielectric resonance and a 
magnetic resonance at the same frequency, and a method to measure these properties 
must be determined. Improving the ceramic material densities and improving the 
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signal-to-noise ratio of measurement techniques would aid in gaining meaningful 
permittivity and permeability data for this material combination. 
7.2 Status of Codoped ZnO as a replacement for ITO 
 ZnO has been identified as a possible replacement for ITO in high-end 
applications such as flat-panel displays and solar cells. The low cost of ZnO is a huge 
advantage over the much more expensive ITO, which relies on scarce and expensive 
indium. Despite extensive research on ZnO in recent years, ZnO has still failed to 
replace ITO in standard flat-panel displays and many manufactured solar cells, even 
though careful processing of doped ZnO films can result in conductivities that 
approach those of ITO. Although improvements in conductivity are always desirable, 
the key problem with ZnO remains the stability of the electrical properties. The 
stability problem becomes more pronounced for FPD applications, which require very 
thin films.  
 We proposed that codoping might improve the conductivity and the stability of 
ZnO. Size compensation occurs with codoping with Al3+ and In3+, due to Al3+ having 
an ionic radius 30% smaller than Zn2+ and In3+ having an ionic radius 10% larger. This 
effect has been studied by using a combinatorial approach using reactive off-axis r.f. 
sputtering. This technique offers a robust, rapid approach of studying effects of 
variations in composition. This method has been used to study ZnO with Al and In 
compositions that range from 1% to 7%. 
 Our results suggest that codoping with both Al and In is beneficial. As 
deposited codoped ZnO resulted in improved electrical properties with higher carrier 
concentration and mobility over either Al or In doping alone. Thermal stability tests 
have shown that Al tends to ionize more easily while also causing more scattering (if 
not ionized) than In. This was inferred from the fact that Al rich films had higher 
carrier concentrations and lower mobilities.  
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 Density functional theory calculations help to explain Al and In as dopants in 
ZnO. It was found that charge, along with ionic radius, plays a significant role in 
determining the atomic structure of the doped Zno. The unit cell volume was found to 
be larger than one would expect if ionic radius alone is considered. This helps to 
explain why our best conductivities were found in an area where there is a 
significantly higher Al content than In. The computational study also supports the 
suggestion that Al is a more shallow donor than In, which would result in higher 
carrier concentrations for Al-doped ZnO than for In-doped ZnO. A brief study of 
oxygen interstitials using density functional theory shows how important point defects 
are in determining the electrical properties of ZnO. A single oxygen interstitial is 
found to be energetically favorable in highly doped ZnO and can compensate two 
donors.  
 In conclusion, codoping appears beneficial in controlling the electrical 
properties of ZnO. Improvements in the as-deposited film properties, along with 
improvements in the properties of films annealed in hydrogen or air indicate that a 
small amount of In added to highly Al doped ZnO has benefits. In order to definitively 
determine the role played by codoping, further experimentation must be done. 
Methods such as temperature dependent photoluminescence can be used to examine 
the presence and electronic state of defects, both intential (Al, In) and unintentional 
(oxygen vacancies, interstitials, hydrogen). In order to fully understand the role of 
dopants in ZnO, one must also fully understand the role of these point defects and 
their interaction with dopants. 
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